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  ABSTRACT	  INVESTIGATING	  A	  HORIZONTAL	  HELICAL	  ANTENNA	  FOR	  USE	  IN	  THE	  	  PHANTOM	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  CONFIGURATION	  	  	  Mattison	  LeMieux,	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  University	  2012	  	  	  Recently,	  the	  phantom	  monopole	  configuration	  was	  successfully	  simulated	  using	  wire	  loop	  antennas.	  	  The	  wire	  loop	  antennas	  have	  an	  undesirable	  input	  impedance,	  making	  them	  difficult	  to	  match	  and	  implement.	  	  A	  new	  type	  of	  antenna	  that	  has	  a	  more	  desirable	  impedance	  while	  still	  maintaining	  the	  same	  near	  magnetic	  field	  and	  far	  field	  radiation	  pattern	  is	  investigated	  in	  this	  work.	  The	  research	  done	  focuses	  on	  a	  horizontally	  placed	  helical	  antenna.	  	  There	  is	  little	  research	  done	  on	  a	  horizontally	  placed	  helical	  antenna	  so	  several	  different	  parameters	  of	  this	  antenna	  were	  investigated.	  	  A	  normal	  mode	  helical	  antenna	  was	  chosen	  because	  of	  its	  size	  and	  impedance.	  	  A	  helical	  antenna	  is	  an	  electrically	  small	  antenna,	  like	  the	  wire	  loop	  antenna,	  with	  an	  improved	  impedance	  compared	  to	  the	  wire	  loop.	  	  The	  work	  done	  included	  computer	  simulation	  and	  physical	  construction	  of	  the	  helical	  antenna.	  	  The	  physical	  testing	  was	  done	  in	  order	  to	  support	  and	  verify	  the	  computer	  modeling	  of	  the	  phantom	  monopole.	  	  Through	  testing	  and	  simulation,	  it	  is	  shown	  here	  that	  a	  horizontally	  placed	  helical	  antenna	  provides	  an	  alternative	  to	  the	  wire	  loop	  antenna	  originally	  investigated.	  	  By	  placing	  the	  helical	  antenna	  horizontally,	  the	  near	  magnetic	  field	  and	  far	  field	  radiation	  pattern	  mimic	  the	  original	  wire	  loop	  configuration.	  	  The	  phantom	  monopole	  is	  recreated	  using	  a	  new	  type	  of	  antenna	  that	  has	  an	  improved	  input	  impedance.	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CHAPTER	  1:	  INTRODUCTION	  	  
1-­‐1 Wireless	  Mobile	  Communications	  	  	   Wireless	  communications	  systems	  continue	  to	  evolve	  and	  shape	  the	  way	  people	  communicate	  with	  each	  other.	  	  In	  a	  successful	  system,	  a	  transmitting	  side	  takes	  the	  signal,	  codes	  and	  modulates	  it,	  then	  transmits	  it	  to	  the	  receiver	  via	  radio	  waves.	  	  The	  receiver	  then	  receives	  the	  information,	  demodulates	  and	  decodes	  it,	  leaving	  the	  original	  sent	  signal.	  	  Depending	  on	  the	  application,	  point-­‐to-­‐point	  or	  broadcast	  transmission	  is	  used.	  	  Point-­‐to-­‐point	  is	  an	  application	  in	  which	  the	  transmitter	  sends	  the	  signal	  to	  a	  specific	  receiver.	  	  Broadcast	  is	  when	  the	  signal	  is	  not	  sent	  to	  a	  specific	  receiver,	  but	  rather	  sent	  to	  any	  number	  of	  receivers	  located	  over	  a	  wide	  area.	  In	  the	  ideal	  case	  there	  is	  minimal	  loss	  in	  the	  system,	  but	  in	  application	  there	  are	  losses	  from	  the	  environment,	  propagation	  losses,	  interference,	  etc.	  	  In	  order	  to	  minimize	  these	  losses	  and	  have	  an	  effective	  real	  world	  wireless	  communications	  system,	  it	  is	  important	  to	  use	  the	  correct	  antenna	  for	  the	  application,	  and	  to	  ensure	  those	  antennas	  are	  appropriately	  matched	  to	  the	  input	  impedance.	  	  The	  wireless	  communication	  system	  as	  a	  whole	  is	  beyond	  the	  scope	  of	  this	  project.	  	  This	  thesis	  focuses	  on	  the	  antenna	  and	  impedance	  of	  the	  antenna	  rather	  than	  the	  wireless	  communications	  system	  as	  a	  whole.	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1-­‐2 Typical	  Wireless	  Antennas	  	   	  	   A	  typical	  receiving	  mobile	  antenna	  differs	  for	  various	  applications.	  	  In	  a	  point-­‐to-­‐point	  system	  both	  the	  receiving	  and	  transmitting	  antennas	  can	  be	  directional	  antennas.	  	  In	  this	  application	  both	  the	  transmitter	  and	  receiver	  location	  are	  known.	  	  However,	  in	  most	  wireless	  communications	  systems	  antenna	  location	  is	  not	  known	  so	  a	  broadcast	  system	  is	  used.	  When	  the	  location	  is	  not	  known,	  and	  varies	  with	  time,	  an	  omnidirectional	  antenna	  must	  be	  used.	  	  An	  omnidirectional	  antenna	  is	  ideal	  since	  it	  can	  receive	  from	  many	  different	  locations.	  	  This	  is	  a	  key	  factor	  in	  cellular	  and	  radio	  communications	  because	  the	  location	  is	  not	  always	  known	  in	  these	  cases.	  	  The	  ability	  for	  an	  antenna	  to	  receive	  from	  many	  different	  directions	  insures	  the	  signal	  is	  received	  properly.	  
1-­‐3 Phantom	  Monopole	  	   	  	   A	  
€ 
λ
4 	  whip	  antenna	  produces	  a	  near	  magnetic	  field	  pattern	  of	  a	  circular	  vortex,	  located	  at	  the	  antenna	  itself,	  and	  has	  an	  omnidirectional	  far	  field	  radiation	  pattern	  in	  the	  plane	  perpendicular	  to	  the	  whip	  antenna.	  	  However,	  the	  straight	  whip	  antenna	  can	  have	  some	  undesirable	  characteristics,	  for	  example	  the	  size.	  	  When	  used	  in	  a	  military	  application,	  the	  whip	  antenna	  is	  typically	  positioned	  on	  top	  of	  a	  vehicle.	  	  This	  adds	  to	  the	  height	  of	  the	  vehicle,	  and	  makes	  it	  visible	  from	  large	  distances.	  	  According	  to	  [2],	  “a	  whip	  antenna	  of	  no	  more	  than	  6	  mm	  in	  diameter	  on	  a	  tank	  can	  be	  seen	  at	  distances	  of	  up	  to	  8	  km	  against	  the	  horizon	  when	  the	  rest	  of	  the	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vehicle	  is	  hidden.”	  	  Due	  to	  this	  disadvantage,	  a	  low	  height	  antenna	  with	  the	  same	  radiation	  pattern	  as	  the	  whip	  antenna	  would	  be	  more	  desirable.	  A	  phantom	  monopole	  is	  an	  antenna	  system	  in	  which	  the	  whip	  antenna	  is	  removed,	  but	  the	  near	  magnetic	  field	  patterns	  remain	  in	  the	  same	  type	  of	  circular	  vortex.	  	  In	  [4]	  and	  [7]	  straight	  wire	  small	  loop	  antennas	  on	  a	  rectangular	  platform	  are	  investigated	  in	  order	  to	  find	  an	  antenna	  configuration	  that	  produces	  the	  same	  electromagnetic	  characteristics	  as	  the	  large	  whip	  antenna.	  	  The	  phantom	  monopole	  system	  antenna	  uses	  the	  platform	  as	  a	  radiator.	  Figure	  1	  shows	  the	  phantom	  monopole	  configuration	  with	  small	  wire	  loop	  antennas	  at	  some	  distance	  apart	  from	  each	  other.	  	  The	  antennas	  are	  much	  smaller	  than	  one	  wavelength	  at	  the	  operating	  frequency.	  	  The	  magnetic	  field	  has	  a	  vortex	  in	  the	  same	  circular	  manner	  as	  the	  large	  whip	  antenna,	  using	  the	  platform	  as	  a	  radiator.	  	  This	  vortex	  happens	  at	  some	  distance	  in	  front	  of	  the	  wire	  loops	  and	  varies	  with	  frequency.	  	  Figure	  2	  illustrates	  how	  the	  vortex	  moves	  as	  the	  frequency	  increases.	   	  
	  
Figure	  1:	  	  Proper	  positioning	  of	  the	  small	  wire	  loop	  antennas	  on	  a	  platform	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Figure	  2:	  Vortex	  moving	  with	  respect	  to	  frequency	  [2]	  	   The	  vortex	  is	  created	  by	  the	  magnetic	  dipole	  moments	  of	  the	  small	  wire	  loop	  antennas.	  	  The	  antennas	  have	  a	  magnetic	  dipole	  moment	  that	  passes	  through	  the	  loop	  perpendicular	  to	  the	  antenna.	  	  When	  positioned	  as	  shown	  in	  figure	  1,	  the	  dipole	  moments	  of	  the	  two	  separate	  antennas	  combine	  to	  create	  a	  circulating	  near	  magnetic	  field.	  	  Figure	  3	  shows	  that	  both	  antennas	  are	  fed	  at	  the	  wire	  closest	  to	  the	  edge	  of	  the	  rectangular	  platform,	  where	  the	  +	  is	  the	  feed	  point.	  	  This	  gives	  the	  antennas	  a	  magnetic	  dipole	  moment	  traveling	  in	  the	  negative	  x1	  and	  positive	  y1	  direction.	  	  The	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magnetic	  dipole	  moments	  of	  the	  small	  loop	  antennas	  are	  shown	  in	  figure	  4.	  	  	  The	  90-­‐degree	  difference	  in	  the	  magnetic	  dipole	  moments	  is	  vital	  because	  it	  forces	  the	  near	  magnetic	  field	  to	  circulate.	  
	  
Figure	  3:	  Top	  view	  of	  proper	  small	  loop	  orientation,	  showing	  the	  90	  degree	  difference	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Figure	  4:	  Dipole	  moments	  M1	  and	  M2	  shown	  without	  loop	  antennas	  	   The	  phantom	  monopole	  does	  have	  a	  downside,	  which	  is	  the	  bandwidth	  of	  the	  system.	  	  In	  the	  military	  application,	  from	  [4],	  the	  frequency	  of	  communication	  ranges	  from	  30-­‐90	  MHz,	  which	  is	  a	  fairly	  broadband	  range.	  	  It	  was	  found	  in	  [4]	  that	  the	  omnidirectional	  field	  pattern	  remained	  consistently	  omnidirectional	  until	  above	  60	  MHz,	  when	  the	  radiation	  pattern	  began	  to	  deteriorate.	  	  	  This	  is	  still	  fairly	  broadband,	  but	  not	  broad	  enough	  for	  the	  application.	  	  However,	  despite	  the	  bandwidth	  disadvantage,	  the	  small	  wire	  loop	  phantom	  monopole	  proves	  to	  be	  an	  acceptable	  low	  profile	  alternative	  to	  the	  large	  whip	  antenna	  over	  a	  modest	  bandwidth.	  
1-­‐4 Electrically	  Small	  Antennas	  	   	  In	  the	  investigation	  of	  the	  phantom	  monopole,	  the	  height	  of	  the	  antenna	  is	  one	  of	  the	  main	  concerns	  in	  replacing	  the	  large	  whip	  antenna.	  	  The	  use	  of	  an	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electrically	  small	  antenna	  is	  appropriate	  because	  of	  the	  characteristics	  of	  electrically	  small	  antennas.	  An	  electrically	  small	  antenna	  is	  an	  antenna	  in	  which	  the	  total	  size	  is	  a	  fraction	  of	  a	  wavelength.	  	  How	  small	  varies	  on	  the	  application	  of	  the	  antennas	  but	  commonly	  it	  is	  considered	  approximately	  one	  tenth	  of	  a	  wavelength,	  λ/10,	  or	  smaller	  [9].	  	  This	  does	  not	  necessarily	  mean	  that	  the	  antenna	  is	  physically	  small.	  	  If	  an	  electrically	  small	  antenna	  is	  being	  operated	  at	  low	  frequencies,	  then	  the	  antenna	  may	  be	  physically	  large.	  	  	  For	  example	  the	  antenna	  size	  for	  an	  operating	  frequency	  of	  1	  MHz	  
is	  15	  meters	  tall	  if	  the	  fractional	  size	  is	  
€ 
λ
20 .	  	  	  	   Electrically	  small	  antennas	  are	  some	  of	  the	  most	  popular	  types	  of	  antennas.	  	  There	  are	  two	  common	  configurations	  shown	  in	  figure	  5:	  the	  short	  dipole	  and	  the	  small	  loop.	  	  The	  dimensions	  for	  the	  short	  dipole	  and	  small	  loop	  are	  much	  smaller	  than	  one	  wavelength	  at	  the	  operating	  frequency.	  	  One	  of	  the	  major	  advantages	  of	  these	  electrically	  small	  antennas	  is	  that	  each	  configuration	  produces	  the	  same	  far	  field	  radiation	  pattern.	  	  This	  far	  field	  radiation	  pattern	  is	  also	  the	  same	  as	  an	  ideal	  dipole:	  a	  doughnut	  [9].	  	  The	  null	  of	  the	  doughnut	  shape	  is	  along	  the	  wire	  in	  the	  short	  dipole	  and	  perpendicular	  to	  the	  plane	  of	  the	  small	  loop.	  
	  
Figure	  5:	  Short	  dipole	  and	  small	  loop	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Even	  though	  the	  radiated	  far	  field	  is	  the	  same,	  the	  near	  magnetic	  field	  is	  different.	  	  This	  is	  important	  for	  the	  phantom	  monopole.	  	  In	  the	  small	  loop	  configuration	  the	  near	  field	  contains	  a	  very	  large	  magnetic	  component	  [8].	  	  This	  is	  important	  because	  the	  phantom	  monopole	  configuration	  relies	  on	  the	  near	  magnetic	  field	  component	  of	  the	  radiated	  field	  [7].	  	  More	  specifically,	  the	  ability	  to	  create	  a	  strong	  magnetic	  dipole	  moment	  through	  the	  loop	  is	  crucial	  to	  the	  phantom	  monopole	  operation.	  There	  are	  some	  other	  properties	  associated	  with	  electrically	  small	  antennas:	  low	  input	  resistance,	  high	  input	  reactance,	  and	  low	  radiation	  efficiency.	  	  	  The	  radiation	  efficiency,	  er,	  is	  related	  to	  the	  power	  delivered	  to	  the	  antenna:	  	  
€ 
er =
Prad
Pin 	   	   	   	   	   (1-­‐1)	  where	  Prad	  is	  the	  power	  radiated	  from	  the	  antenna,	  and	  Pin	  is	  the	  input	  power.	  	  Ideally	  the	  radiation	  efficiency	  would	  be	  1,	  which	  means	  that	  all	  the	  input	  power	  is	  radiated.	  	   The	  gain	  of	  an	  antenna	  is	  defined	  as	  “how	  efficiently	  the	  antenna	  transforms	  available	  power	  at	  its	  input	  terminals	  to	  radiated	  power	  in	  a	  particular	  direction”	  [9].	  	  The	  directivity	  is	  defined	  as	  “the	  ratio	  of	  the	  radiation	  intensity	  in	  a	  certain	  direction	  to	  the	  average	  radiation	  intensity”[9].	  	  The	  radiation	  pattern	  of	  an	  antenna	  with	  a	  high	  directivity	  points	  in	  a	  specific	  direction.	  	  When	  an	  omnidirectional	  antenna	  is	  desired,	  a	  lower	  directivity	  is	  obtained.	  	  The	  maximum	  gain	  of	  the	  antenna	  in	  a	  particular	  direction	  can	  be	  found	  using	  	  
€ 
G = erD ,	  	   	   	   	   	   (1-­‐2)	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where	  G	  is	  the	  gain	  and	  D	  is	  the	  directivity	  of	  the	  antenna.	  The	  low	  input	  resistance	  and	  high	  input	  reactance	  of	  electrically	  small	  antennas	  pertains	  to	  the	  impedance	  of	  the	  antennas.	  	  The	  impedance	  of	  the	  antenna	  is	  important	  for	  matching	  purposes.	  	  When	  connecting	  an	  antenna	  to	  some	  source,	  the	  antenna	  and	  feed	  impedance	  should	  be	  equal.	  	  This	  minimizes	  reflections	  and	  allows	  for	  maximum	  power	  transfer	  between	  the	  antenna	  and	  transmission	  line.	  	  The	  feed	  impedance	  is	  purely	  real	  and	  is	  typically	  50,	  75,	  or	  300Ω.	  	  In	  general,	  antennas	  are	  not	  naturally	  matched	  to	  these	  impedances,	  so	  some	  sort	  of	  matching	  network	  must	  be	  used.	  
1-­‐5 Helical	  Antennas	  	   	  Another	  alternative	  for	  an	  electrically	  small	  antenna	  is	  a	  helical	  antenna.	  	  There	  are	  two	  modes	  of	  operation	  for	  helical	  antennas:	  the	  normal	  mode	  and	  the	  axial	  mode.	  	  The	  axial	  mode	  antenna	  is	  much	  larger,	  with	  a	  circumference	  on	  the	  order	  of	  one	  wavelength,	  and	  has	  a	  radiation	  pattern	  that	  specifically	  points	  along	  the	  axis	  of	  the	  helical	  coil.	  	  Since	  this	  is	  a	  large	  antenna,	  it	  will	  not	  be	  discussed	  further	  in	  this	  work.	  The	  normal	  mode	  helical	  antenna	  is	  the	  antenna	  being	  investigated	  because	  of	  its	  size.	  	  	  In	  general,	  the	  normal	  mode	  helical	  antenna	  is	  an	  electrically	  small	  antenna.	  The	  normal	  mode	  helical	  antenna	  has	  a	  total	  length	  of	  wire	  that	  is	  λ/4,	  but	  since	  the	  antenna	  is	  coiled,	  the	  effective	  size	  is	  comparable	  to	  that	  of	  an	  electrically	  small	  antenna.	  The	  current	  on	  the	  antenna	  is	  assumed	  to	  be	  constant	  in	  both	  magnitude	  and	  phase	  because	  of	  the	  small	  size	  of	  the	  antenna.	  	  An	  ideal	  loop	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connected	  to	  an	  ideal	  dipole	  can	  be	  used	  to	  model	  one	  turn	  of	  the	  antenna,	  as	  shown	  in	  figure	  6.	  	  Using	  this	  model,	  the	  far	  field	  radiated	  pattern	  is	  a	  sum	  of	  both	  the	  ideal	  loop	  radiated	  field,	  	  
€ 
EL =ηβ2
π
4 D
2I e
− jβr
4πr sinθ
ˆ φ ,	  	   	   	   	   (1-­‐3)	  
and	  the	  dipole	  radiated	  field,	  	  
€ 
ED = jωµIS
e− jβr
4πr sinθ
ˆ θ .	   	   	   	   (1-­‐4)	  
where	  I	  is	  the	  current,	  D	  is	  the	  diameter	  of	  the	  loop	  in	  meters,	  and	  S	  is	  the	  length	  of	  the	  ideal	  dipole	  in	  meters.	  	  Note:	  both	  patterns	  have	  a	  
€ 
sinθ 	  dependence	  and	  are	  90o	  out	  of	  phase.	  	  It	  can	  be	  shown	  that	  the	  far	  field	  radiation	  pattern	  is	  the	  same	  regardless	  of	  the	  number	  of	  loops	  in	  the	  helical	  antenna	  [9].	  
	  
Figure	  6:	  Ideal	  loop	  connected	  to	  ideal	  dipole	  [9]	  	   The	  radiation	  pattern	  of	  the	  normal	  mode	  helical	  antenna,	  as	  shown	  in	  figure	  7,	  is	  comparable	  to	  a	  monopole,	  but	  with	  some	  advantages.	  	  Given	  the	  coils,	  the	  antenna	  acts	  as	  an	  inductor,	  which	  can	  be	  used	  to	  cancel	  out	  the	  natural	  capacitance	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of	  a	  straight	  wire	  monopole	  of	  the	  same	  height.	  	  Also	  the	  radiation	  resistance	  of	  the	  
helical	  antenna	  above	  a	  perfect	  ground	  plane	  at	  heights	  under	  
€ 
λ
8 	  is	  
€ 
Rr = 640
h
λ
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
2
Ω	   	   	   	   	   (1-­‐5)	  	  which	  is	  larger	  than	  its	  monopole	  counterpart	  [9]	  	  
€ 
Rr = 395
h
λ
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
2
Ω .	  	   	   	   	   	   (1-­‐6)	  
where	  h	  is	  the	  height	  	  of	  the	  antenna.	  	  These	  improvements	  in	  impedance	  make	  the	  helical	  antenna	  a	  more	  suitable	  antenna	  than	  most	  electrically	  small	  antennas	  for	  matching	  purposes.	   	  
	  
Figure	  7:	  Radiation	  pattern	  of	  normal	  mode	  helical	  antenna	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In	  order	  to	  translate	  the	  normal	  mode	  helical	  antenna	  to	  the	  phantom	  monopole	  configuration,	  the	  antenna	  needs	  to	  be	  bent	  from	  vertical	  to	  horizontal	  (parallel	  with	  the	  ground	  plane).	  	  There	  is	  little	  research	  done	  on	  this	  horizontal	  helical	  antenna,	  so	  the	  thesis	  work	  will	  examine	  the	  antenna	  behavior	  in	  order	  to	  conclude	  that	  the	  antenna	  still	  operates	  as	  expected	  while	  parallel	  to	  the	  ground	  plane.	   In	  the	  phantom	  monopole	  application,	  the	  use	  of	  the	  helical	  antenna	  is	  
adding	  wire	  to	  the	  small	  wire	  loop	  antenna.	  	  By	  doing	  this	  an	  antenna	  that	  is	  
€ 
λ
4 	  in	  size	  can	  be	  put	  into	  the	  same	  physical	  area	  as	  the	  small	  loop	  antenna.	  	  With	  radiation	  pattern	  similar	  to	  the	  small	  wire	  loop,	  having	  an	  antenna	  that	  is	  larger	  in	  wire	  length	  drastically	  improves	  the	  impedance	  of	  the	  antenna.	  
1-­‐6 Problem	  Statement	  	   	  	   In	  this	  work	  an	  alternative	  type	  of	  antenna	  is	  researched	  for	  application	  in	  the	  phantom	  monopole	  configuration.	  	  The	  impedance	  of	  the	  small	  wire	  loop	  antenna,	  originally	  used	  to	  investigate	  the	  problem,	  has	  a	  very	  low	  real	  part	  with	  a	  high	  positive	  reactive	  part.	  	  The	  main	  focus	  of	  this	  thesis	  work	  is	  to	  find	  an	  alternative	  antenna	  that	  will	  produce	  the	  same	  electromagnetic	  fields	  and	  radiation	  pattern,	  but	  has	  a	  more	  desirable	  input	  impedance.	  	  Specifically,	  a	  horizontally	  
placed	  helical	  antenna,	  parallel	  to	  the	  ground	  plane,	  
€ 
λ
4 	  in	  wire	  length	  is	  investigated.	  	  In	  order	  to	  find	  the	  most	  suitable	  configuration	  of	  the	  helical	  antenna,	  different	  parameters	  of	  the	  antenna	  are	  changed	  while	  the	  total	  length	  of	  wire	  is	  kept	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constant.	  	  The	  frequency	  of	  interest	  for	  the	  research	  work	  done	  in	  this	  thesis	  is	  500	  MHz.	  	  This	  was	  chosen	  because	  of	  the	  ability	  to	  easily	  construct	  and	  test	  the	  antenna.	  	  Additionally,	  certain	  helical	  antennas	  will	  be	  physically	  built	  and	  tested.	  	  These	  antennas	  will	  be	  chosen	  from	  the	  simulation	  results.	  	  The	  results	  of	  the	  physical	  testing	  will	  be	  used	  as	  a	  comparison	  to	  the	  computer	  modeling.	  
1-­‐7 Simulation,	  Construction,	  and	  Testing	  	   	  The	  first	  step	  in	  investigating	  the	  problem	  is	  to	  run	  computer	  simulations.	  	  Computer	  simulation	  allows	  the	  ability	  to	  easily	  simulate	  many	  different	  antennas	  and	  investigate	  multiple	  parameters	  of	  the	  antenna.	  	  The	  parameters	  include	  both	  the	  near	  and	  far	  field	  as	  well	  as	  the	  impedance	  of	  the	  system.	  	  There	  are	  many	  others	  that	  can	  be	  simulated,	  but	  the	  parameters	  listed	  are	  the	  ones	  used	  in	  this	  work	  to	  evaluate	  the	  antennas	  because	  it	  provides	  the	  necessary	  information	  for	  this	  thesis	  work.	   The	  computer	  simulation	  will	  be	  done	  using	  4NEC2	  [1],	  an	  electromagnetic	  modeling	  software	  that	  uses	  the	  method	  of	  moments	  (MoM)	  for	  the	  wires	  [3]	  in	  order	  to	  simulate	  the	  electromagnetic	  fields.	  	  A	  more	  detailed	  explanation	  can	  be	  found	  in	  [3].	  	  The	  NEC	  code	  works	  by	  evaluating	  an	  input	  file	  that	  has	  all	  of	  the	  wire	  spaces	  defined,	  as	  well	  as	  operating	  frequency,	  source,	  and	  other	  important	  information.	  	  The	  program	  generates	  a	  text	  output	  file	  with	  all	  the	  information.	  	  This	  is	  then	  run	  through	  a	  post	  processing	  graphics	  generator	  in	  order	  to	  develop	  the	  pictures	  shown	  in	  this	  thesis.	  	  An	  example	  antenna	  built	  in	  NEC,	  and	  a	  graphic	  output	  file,	  can	  be	  found	  in	  Appendix	  I.	  
	  	  
14	  
Once	  a	  number	  of	  antennas	  have	  been	  investigated	  through	  simulation,	  a	  select	  few	  will	  be	  chosen	  to	  physically	  build	  and	  test.	  	  The	  building	  of	  the	  antennas	  will	  be	  done	  using	  copper	  wire	  for	  the	  antennas,	  and	  a	  brass	  ground	  plane.	  	  A	  wood	  reinforced	  piece	  of	  brass	  about	  one	  wavelength	  in	  size	  will	  be	  used	  as	  the	  ground	  plane.	  	  To	  feed	  the	  antenna,	  a	  female	  SMA	  connecter	  is	  attached	  to	  the	  ground	  plane.	  	  This	  allows	  for	  multiple	  antennas	  to	  be	  tested	  quickly.	  The	  testing	  of	  the	  antenna	  will	  be	  done	  using	  a	  vector	  network	  analyzer	  (VNA).	  	  The	  VNA	  measures	  the	  reflection	  coefficient	  as	  well	  as	  the	  impedance	  of	  the	  antenna.	  	  Much	  like	  computer	  simulation,	  the	  VNA	  can	  measure	  many	  other	  parameters.	  	  In	  this	  work	  the	  reflection	  coefficient	  and	  impedance	  are	  used	  to	  compare	  simulation	  results	  to	  measurement.	  
1-­‐8 Organization	  of	  Thesis	  	   	  	   Following	  this	  introductory	  chapter,	  the	  second	  chapter	  will	  cover	  antenna	  development	  through	  computer	  simulation.	  	  This	  will	  include	  the	  concepts	  and	  ideas	  used	  to	  simulate	  the	  phantom	  monopole,	  as	  well	  as	  the	  antenna	  simulation	  to	  verify	  the	  proper	  antenna	  to	  use.	  	  The	  third	  chapter	  will	  cover	  the	  physical	  building	  and	  testing	  of	  the	  antennas	  chosen	  at	  the	  end	  of	  Chapter	  2.	  	  Both	  Chapter	  2	  and	  3	  will	  offer	  conclusions	  regarding	  which	  antenna	  system	  would	  be	  best	  for	  the	  phantom	  monopole	  application.	  	  Finally,	  Chapter	  4	  will	  finalize	  the	  results	  found	  and	  offer	  suggestions	  for	  future	  research.	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CHAPTER	  2:	  SIMULATIONS	  	  
2-­‐1	   Introduction	  	  	   The	  first	  step	  in	  finding	  a	  suitable	  antenna	  to	  replace	  the	  wire	  loop	  antenna	  in	  the	  phantom	  monopole	  configuration	  is	  simulation.	  	  Using	  computer	  simulations,	  a	  theoretical	  solution	  can	  be	  found.	  	  A	  computer	  model	  is	  the	  best	  option	  for	  the	  first	  step	  in	  the	  research	  process	  because	  of	  the	  versatility	  of	  simulation.	  	  In	  the	  computer	  simulations	  it	  is	  possible	  to	  easily	  change	  parameters	  with	  a	  few	  lines	  of	  code.	  	  This	  makes	  it	  possible	  to	  simulate	  hundreds	  of	  antennas	  in	  a	  short	  amount	  of	  time.	  
2-­‐2	  	   NEC	  	  	  	   Using	  the	  4NEC2	  [1]	  graphical	  interface	  for	  the	  NEC	  [3]	  program,	  computer	  simulations	  of	  all	  differing	  antennas	  can	  be	  done.	  	  The	  NEC	  code	  [3]	  allows	  for	  straight	  wires	  only,	  so	  combining	  multiple	  straight	  wires	  makes	  the	  circles	  of	  the	  helix.	  	  In	  the	  case	  of	  this	  work,	  six	  wires	  are	  considered	  sufficient	  for	  one	  loop.	  	  The	  NEC	  code	  also	  simulates	  various	  excitations,	  wire	  conductivity,	  and	  different	  ground	  plane	  scenarios.	  	  For	  many	  simulations	  copper	  wire	  over	  a	  perfect	  ground	  plane	  is	  simulated.	  	  For	  some	  simulations,	  a	  finite	  ground	  plane	  is	  constructed	  from	  a	  thin	  wire	  mesh.	  	  A	  more	  in	  depth	  analysis	  of	  the	  NEC	  code	  can	  be	  found	  in	  [3]	  and	  [6].	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2-­‐3	  	   Helical	  Antenna	  	  	   There	  are	  many	  different	  parameters	  when	  designing	  a	  helical	  antenna.	  	  From	  the	  geometric	  relations,	  figure	  8:	  	  
D=	  diameter	  of	  helix	  (center	  to	  center)	   	   	   (2-­‐1)	  
C=	  circumference=	  πD	   	   	   	   (2-­‐2)	  
S=	  spacing	  between	  turns	  (center	  to	  center)	   	   (2-­‐3)	  
α=	  pitch	  angle=	  
€ 
arctan S
πD
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 	   	   	   	   (2-­‐4)	  
L=	  length	  of	  1	  turn	  	  	  	   	   	   	   	  	  	  	  	  (2-­‐5)	  
n=	  number	  of	  turns	   	   	   	   	  	  	  	  	  	  (2-­‐6)	  A=	  axial	  length=	  nS	   	   	   	  	  	   	  	  	  	  	  	  (2-­‐7)	  
d=	  diameter	  of	  helix	  conductor	   	   	   	  	  (2-­‐8)	  it	  was	  determined	  that	  the	  equations	  needed	  to	  be	  automated.	  	  A	  spreadsheet	  was	  designed	  with	  two	  parameters	  that	  could	  be	  changed:	  the	  pitch	  angle	  and	  the	  number	  of	  loops.	  	  The	  rest	  of	  the	  parameters	  are	  either	  constant	  or	  computed.	  	  Using	  the	  altered	  equations	  below,	  a	  spreadsheet	  was	  created	  with	  the	  pitch	  angle,	  α,	  and	  number	  of	  loops,	  N,	  as	  inputs.	  	  Then,	  
€ 
D = C
π
	  	   	   	   	   	   	  (2-­‐9)	  
€ 
C = L *cos(α) 	   	   	   	   	  	  	  	  	  (2-­‐10)	  
€ 
S = C * tan(α) 	  	   	   	   	   	  	  	  	  (2-­‐11)	  
€ 
L = LwN 	   	   	   	   	   (2-­‐12)	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€ 
Lw =
λ
4 	   	   	   	   	   (2-­‐13)	  
€ 
h = NS 	   	   	   	   	   (2-­‐14)	  	  
	  
	  
Figure	  8:	  Geometry	  of	  helical	  antenna	  	   These	  were	  the	  only	  two	  parameters	  that	  we	  allowed	  to	  change	  because	  by	  changing	  the	  pitch	  angle,	  it	  changes	  all	  of	  the	  other	  parameters,	  and	  it	  would	  be	  easier	  to	  shrink	  or	  expand	  the	  helix	  by	  changing	  one	  number	  rather	  than	  multiple	  parameters.	  	  The	  number	  of	  loops	  was	  initially	  used	  as	  an	  input	  in	  order	  to	  see	  the	  difference	  between	  four,	  six,	  and	  eight	  loops.	  	  Once	  simulations	  were	  done	  using	  different	  numbers	  of	  loops	  it	  was	  found	  that	  the	  number	  of	  loops	  was	  irrelevant,	  which	  is	  consistent	  with	  the	  normal	  mode	  helical	  antenna	  theory.	  	  Table	  1	  lists	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results	  for	  an	  unpinned,	  figure	  8	  with	  θ	  equal	  to	  90o,	  horizontal	  helical	  antenna	  with	  a	  pitch	  angle	  of	  30o,	  over	  a	  perfect	  infinite	  ground	  plane.	  	  	  Table	  1	  shows	  very	  little	  change	  in	  the	  four	  parameters	  tested.	  	  While	  the	  numbers	  did	  change	  slightly,	  it	  was	  not	  significant	  enough	  to	  justify	  one	  antenna	  over	  another.	  	  
 
real 
impedance(Ω) 
imaginary 
impedance(Ω) 
rad 
power(%) 
max 
gain(dB) 
4 
loop 0.98 -51.9 83.6 3.66 
6 
loop 0.77 -67.9 79.9 3.48 
8 
loop 0.67 -79.7 77.7 3.36 
Table	  1:	  Comparison	  of	  different	  number	  of	  loops	  	   Increasing	  the	  number	  of	  loops	  did	  change	  the	  impedance	  slightly,	  while	  the	  radiation	  pattern	  stayed	  the	  same.	  	  However,	  since	  size	  is	  one	  of	  the	  main	  concerns	  of	  the	  antenna,	  it	  was	  decided	  that	  the	  six-­‐loop	  configuration	  would	  suffice.	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2-­‐4	   Vertical	  to	  Horizontal	  	  	   There	  is	  very	  little	  research	  done	  on	  a	  horizontal	  helical	  antenna,	  so	  a	  study	  was	  performed	  to	  see	  what	  happens	  when	  a	  helical	  antenna’s	  axis	  is	  moved	  from	  vertical	  to	  horizontal.	  	  To	  do	  this	  a	  68-­‐degree	  pitch	  angle,	  6-­‐loop,	  copper,	  helical	  antenna	  over	  a	  perfect	  infinite	  ground	  plane	  is	  used.	  The	  antenna	  begins	  at	  vertical,	  perpendicular	  to	  the	  ground	  plane,	  and	  is	  bent	  ten	  degrees	  at	  a	  time	  until	  it	  is	  parallel	  with	  the	  ground	  plane.	  	  An	  example	  of	  this	  can	  be	  seen	  in	  figure	  9,	  where	  θ	  is	  the	  angle	  of	  the	  helix.	  The	  height	  off	  of	  the	  ground	  plane	  was	  kept	  the	  same	  for	  all	  the	  configurations	  and	  was	  0.818	  mm.	  	  The	  results	  are	  shown	  below	  in	  figures	  9,	  10,	  and	  11.	  
	  
Figure	  9:	  	  Angle	  of	  variation	  for	  vertical	  to	  horizontal	  study	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Figure	  10:	  	  Real	  impedance	  vs	  degree	  angle	  for	  vertical	  to	  horizontal	  study	  
	  
Figure	  11:	  	  Imaginary	  impedance	  vs	  degree	  angle	  for	  vertical	  to	  horizontal	  study	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Figure	  12:	  	  Radiation	  efficiency	  and	  total	  efficiency	  vs	  degree	  angle	  for	  vertical	  to	  horizontal	  
study	  	  	   It	  can	  be	  seen	  in	  figures	  10	  and	  11	  that	  the	  real	  and	  imaginary	  impedance	  changes	  the	  most	  drastically,	  while	  the	  efficiency	  and	  radiation	  efficiency	  stay	  consistently	  close	  to	  100	  percent	  until	  θ	  reaches	  an	  angle	  of	  70	  degrees,	  20	  degrees	  off	  of	  the	  ground	  plane.	  	  	  There	  is	  a	  difference	  between	  the	  radiation	  efficiency	  and	  efficiency.	  The	  efficiency	  is	  the	  total	  efficiency,	  which	  takes	  into	  account	  the	  mismatch	  loss	  from	  an	  unmatched	  system.	  	  The	  radiation	  efficiency	  ignores	  this	  mismatch	  loss	  and	  only	  shows	  the	  power	  delivered	  to	  the	  antenna.	  	  In	  general	  the	  radiation	  efficiency	  is	  larger.	  The	  gain	  of	  the	  antenna	  as	  well	  as	  the	  far	  field	  radiation	  pattern	  change	  as	  the	  antenna	  gets	  closer	  to	  the	  ground	  plane.	  	  As	  the	  antenna	  gets	  closer	  to	  the	  ground	  plane	  the	  gain	  decreases	  as	  shown	  in	  figure	  13.	  	  Also,	  as	  the	  antenna	  gets	  closer	  to	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the	  ground	  plane	  the	  radiation	  pattern	  stays	  omni-­‐directional	  near	  the	  horizon,	  as	  shown	  in	  figure	  14.	  	  However,	  the	  null	  along	  the	  antenna	  in	  the	  vertical	  plane	  slowly	  disappears,	  and	  rounds	  out	  as	  shown	  in	  figure	  15.	  
	  
Figure	  13:	  	  Gain	  	  vs	  degree	  of	  vertical	  to	  horizontal	  study	  
	  
Figure	  14:	  	  Horizontal	  plane	  total	  gain	  far	  field	  radiation	  pattern,	  θ	  =10	  degrees	  (red)	  and	  90	  
degrees	  (blue).	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Figure	  15:	  	  Vertical	  plane	  total	  gain	  far	  field	  radiation	  pattern,	  θ	  =10	  degrees	  (red)	  and	  90	  
degrees	  (blue).	  	  
2-­‐5	   Pinned	  Helical	  Antenna	  	  	  	   A	  pinned	  helical	  antenna	  is	  a	  helical	  antenna	  that	  is	  parallel	  to	  the	  ground	  plane	  and	  has	  both	  ends	  of	  the	  helix	  pinned	  to	  ground.	  	  To	  test	  this	  the	  first	  thing	  done	  was	  pin	  both	  ends	  on	  a	  single	  helical	  antenna	  and	  see	  how	  the	  antenna	  performed.	  	  It	  was	  found	  that	  the	  radiation	  pattern	  stays	  omnidirectional	  near	  the	  horizon,	  as	  shown	  in	  figure	  16.	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Figure	  16:	  Far	  field	  radiation	  pattern	  of	  double	  pinned	  helical	  antenna	  	   The	  most	  notable	  change	  when	  pinning	  the	  helical	  antenna	  on	  both	  sides	  was	  the	  imaginary	  part	  of	  the	  impedance,	  which	  jumps	  from	  highly	  capacitive	  to	  highly	  inductive.	  	  However,	  the	  antenna	  did	  act	  like	  a	  small	  loop	  antenna	  with	  coils	  rather	  than	  a	  straight	  wire	  top,	  improving	  the	  real	  part	  of	  the	  impedance.	  	  The	  improvement	  in	  impedance	  is	  due	  both	  to	  the	  geometry	  of	  the	  antenna	  and	  also	  the	  addition	  of	  wire.	  	  The	  longer	  wire	  increases	  the	  impedance.	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2-­‐6	   Clipping	  the	  Pinned	  End	  	  	  	   Since	  the	  imaginary	  part	  of	  the	  impedance	  jumped	  from	  capacitive	  when	  unpinned,	  to	  inductive	  when	  pinned,	  it	  was	  thought	  that	  it	  may	  be	  possible	  to	  clip	  the	  pinned	  end,	  see	  figure	  17,	  to	  a	  certain	  height,	  h,	  and	  cancel	  out	  the	  imaginary	  part	  of	  the	  impedance.	  	  The	  idea	  was	  that	  as	  the	  clipped	  end	  got	  closer	  to	  the	  ground,	  the	  capacitance	  would	  decrease,	  and	  eventually	  a	  spot	  could	  be	  found	  in	  which	  the	  imaginary	  part	  of	  the	  impedance	  was	  zero	  before	  turning	  inductive.	  This	  would	  make	  matching	  the	  antenna	  drastically	  easier.	  
	  
Figure	  17:	  	  Changing	  height,	  h,	  to	  change	  impedance	  	   It	  was	  found	  that	  this	  was	  not	  possible.	  	  While	  the	  impedance	  did	  become	  less	  capacitive	  with	  a	  longer	  length	  of	  wire,	  there	  was	  no	  middle	  ground	  in	  which	  the	  imaginary	  impedance	  would	  cancel	  to	  zero.	  	  This	  is	  demonstrated	  by	  the	  graph	  in	  figure	  18.	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Figure	  18:	  	  Height	  of	  clipped	  side	  h	  off	  of	  the	  ground	  plane	  vs	  imaginary	  impedance	  	  
2-­‐7	   Raising	  Helical	  Antenna	  off	  Ground	  Plane	  	  
Unpinned	  Case	  	  	  	   An	  appropriate	  height	  above	  ground	  for	  the	  helical	  antenna	  is	  investigated	  here.	  	  A	  helical	  antenna	  was	  programmed	  to	  have	  exactly	  the	  same	  helix;	  copper,	  six	  loops,	  15o	  pitch	  angle,	  with	  variable	  height,	  over	  a	  perfect	  infinite	  ground	  plane.	  	  The	  height	  was	  varied	  according	  to	  the	  radius	  of	  the	  wire	  and	  varied	  from	  10	  times	  the	  radius	  of	  the	  wire	  to	  100	  times	  the	  radius,	  4mm	  to	  43.65	  mm.	  	  Results	  are	  shown	  below	  in	  figures	  19	  and	  20.	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Figure	  19:	  Real	  part	  of	  impedance	  vs	  height	  for	  unpinned	  helical	  antenna	  	  	  
	  
Figure	  20:	  Imaginary	  part	  of	  impedance	  vs	  height	  for	  unpinned	  helical	  antenna	  	  	   It	  can	  be	  seen	  from	  the	  graphs	  that	  as	  the	  antenna	  is	  raised	  off	  of	  the	  ground	  plane	  the	  real	  part	  of	  the	  impedance	  continuously	  goes	  up.	  	  This	  is	  due	  to	  the	  area	  of	  the	  loop	  antenna.	  	  As	  the	  antenna	  is	  raised	  off	  the	  ground	  it	  shows	  the	  same	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characteristics	  as	  a	  small	  loop	  antenna:	  as	  the	  area	  increases,	  so	  does	  the	  real	  part	  of	  the	  impedance.	  	  It	  can	  also	  be	  seen	  that	  the	  imaginary	  part	  of	  the	  impedance	  dips	  slightly	  at	  a	  lower	  height,	  and	  then	  grows	  smaller	  as	  the	  height	  grows	  larger.	  	  This	  happens	  because	  as	  the	  antenna	  is	  raised,	  inductance	  is	  added.	  Since	  the	  imaginary	  part	  of	  the	  impedance	  is	  the	  concern,	  the	  height	  decided	  for	  the	  rest	  of	  the	  testing	  was	  8.019mm	  off	  of	  the	  ground	  plane	  where	  the	  impedance	  is	  0.73-­‐j138	  Ω.	  	  Even	  though	  this	  is	  not	  the	  value	  closest	  to	  zero,	  it	  is	  more	  practical	  when	  physically	  building	  the	  antenna,	  while	  keeping	  small	  loop	  characteristics.	  	  The	  antenna	  height	  is	  large	  enough	  to	  lift	  the	  antenna	  off	  of	  the	  ground	  plane,	  but	  still	  small	  enough	  to	  where	  it	  is	  not	  adding	  a	  large	  amount	  of	  wire,	  which	  would	  make	  the	  antenna	  operate	  at	  a	  different	  frequency.	  
Pinned	  Case	  	  	   Since	  clipping	  the	  pinned/unpinned	  side	  does	  not	  cancel	  the	  reactance,	  the	  next	  study	  was	  to	  see	  what	  height	  off	  of	  the	  ground	  plane	  was	  ideal	  for	  both	  parts	  of	  the	  impedance.	  The	  study	  was	  run	  the	  same	  way	  as	  the	  unpinned	  case,	  using	  the	  same	  distances	  off	  of	  the	  perfect	  infinite	  ground	  plane.	  It	  can	  be	  seen	  from	  figures	  21	  and	  22	  that	  as	  the	  height	  off	  the	  ground	  plane	  increases,	  both	  the	  real	  and	  imaginary	  parts	  of	  the	  impedance	  grow	  as	  well:	  with	  exception	  to	  the	  final	  point,	  4.3654	  cm.	  	  Seeing	  as	  the	  impedance	  is	  “best”	  at	  the	  lower	  heights,	  the	  same	  height	  off	  the	  ground	  plane	  as	  the	  unpinned	  case	  was	  chosen,	  0.818	  cm.	  	  Again	  this	  height	  was	  chosen	  because	  of	  the	  practicality	  of	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physically	  building	  the	  antenna	  as	  well	  as	  the	  reactive	  part	  of	  the	  impedance	  being	  close	  to	  zero.	   	  
	  
Figure	  21:	  	  Real	  part	  of	  impedance	  for	  pinned	  helical	  antenna	  	  	  
	  
Figure	  22:	  Imaginary	  part	  of	  impedance	  for	  pinned	  helical	  antenna	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2-­‐8	   Changing	  the	  Pitch	  Angle	  for	  Circular	  Polarization	  	  	   Up	  to	  this	  point,	  the	  pitch	  angle	  was	  chosen	  for	  size,	  and	  not	  based	  off	  any	  other	  physical	  reasoning.	  	  However,	  there	  is	  an	  equation	  for	  circular	  polarization,	  	  
€ 
αcp = sin−1
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which	  is	  used	  to	  find	  the	  proper	  pitch	  angle	  needed	  to	  achieve	  circular	  polarization.	  	  Circular	  polarization	  is	  a	  polarization	  in	  electromagnetics	  where	  the	  field	  does	  not	  change	  strength,	  but	  changes	  direction	  in	  a	  rotational	  manner	  [9].	  	  Depending	  on	  the	  direction	  of	  the	  rotation,	  the	  polarization	  can	  either	  be	  left-­‐hand	  or	  right-­‐hand	  polarized.	  	   Using	  the	  equation,	  the	  pitch	  angle	  for	  circular	  polarization	  is	  αcp=1.19323	  radians,	  or	  68o.	  	  A	  comparison	  between	  15o,	  30o,	  50o,	  and	  68o	  pitch	  angles	  for	  a	  horizontal	  helical	  antenna	  is	  shown	  in	  table	  2	  below.	  	  All	  the	  antennas	  are	  pinned,	  copper,	  6	  loops,	  over	  a	  perfect	  infinite	  ground	  plane,	  raised	  off	  a	  perfect	  infinite	  ground	  plane	  0.818	  cm,	  and	  analyzed	  at	  500	  MHz.	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Pitch 
Angle 
impedance real 
(Ω) 
impedance imaginary 
(Ω) 
radiat power 
(%) 
max gain 
(dB) 
15 
degree 2.81 560 48.08 1.54 
30 
degree 12.7 984 67.2 4.31 
50 
degree 2277 10000 75.93 3.79 
68 
degree 79.4 -2496 70.09 3.61 
Table	  2:	  	  Comparison	  of	  different	  pitch	  angles	  	   It	  can	  be	  seen	  from	  table	  2	  that	  the	  results	  follow	  loose	  trends.	  	  For	  example,	  the	  real	  part	  of	  the	  impedance	  gradually	  gets	  larger,	  with	  exception	  to	  the	  50-­‐degree	  pitch	  angle.	  	  The	  50-­‐degree	  pitch	  angle	  numbers	  are	  so	  far	  off	  because	  at	  this	  pitch	  angle	  there	  is	  a	  point	  of	  anti-­‐resonance.	  	  After	  computer	  simulation	  frequency	  sweep,	  this	  anti-­‐resonance	  was	  observed	  in	  the	  computer	  model.	  	  The	  basis	  of	  the	  study	  was	  to	  get	  an	  understanding	  of	  what	  happens	  to	  the	  impedance	  and	  radiation	  pattern	  as	  the	  pitch	  angle	  changes.	  The	  radiation	  pattern	  for	  the	  different	  pitch	  angles	  stayed	  omnidirectional	  near	  the	  horizon;	  the	  only	  difference	  in	  the	  radiation	  patterns	  was	  the	  horizontal	  gain	  of	  the	  antenna	  rotated	  shown	  in	  figure	  23.	  	  This	  omnidirectional	  radiation	  is	  important	  because,	  as	  discussed	  in	  [4],	  ground	  coverage	  is	  important	  in	  the	  phantom	  monopole.	  	  The	  black	  bars	  are	  where	  the	  antenna	  is	  located.	  	  Note	  that	  the	  radiation	  pattern	  is	  taken	  at	  theta	  equals	  -­‐75,	  which	  is	  15	  degrees	  off	  of	  the	  ground	  plane	  (in	  the	  4NEC2	  simulation	  -­‐75	  degrees	  is	  equal	  to	  75	  degrees).	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Figure	  23:	  15-­degree	  pitch	  angle	  radiation	  pattern	  (top)	  compared	  to	  68-­degree	  radiation	  
pattern	  (bottom)	  
	  	  
33	  
2-­‐9	  	   Antenna	  Development	  Through	  Simulations	  	  	  	   All	  the	  antenna	  simulations	  were	  done	  in	  order	  to	  find	  an	  appropriate	  antenna	  for	  the	  phantom	  monopole	  configuration.	  	  A	  double	  helical	  antenna	  configuration	  that	  matches	  the	  phantom	  monopole	  characteristics	  must	  be	  found.	  	  The	  concern	  in	  the	  phantom	  monopole	  is	  the	  near	  magnetic	  field	  pattern	  and	  the	  far	  field	  radiation	  pattern.	  	  A	  near	  field	  with	  a	  vortex	  and	  a	  far	  field	  pattern	  that	  is	  near	  omni-­‐directional	  on	  the	  horizon	  must	  be	  found.	  Since	  the	  near	  magnetic	  field	  must	  be	  similar	  to	  the	  wire	  loop,	  the	  proper	  antenna	  configuration	  needs	  to	  be	  found.	  	  The	  initial	  idea	  was	  to	  use	  a	  helical	  antenna	  with	  the	  axis	  along	  a	  semicircle.	  	  The	  thought	  was	  that	  the	  magnetic	  field	  would	  travel	  through	  the	  middle	  of	  the	  helix,	  creating	  the	  same	  magnetic	  field	  vortex	  as	  the	  double	  wire	  loop	  configuration.	  This	  configuration	  would	  be	  extremely	  difficult	  to	  build	  in	  NEC,	  since	  not	  only	  would	  the	  helix	  wires	  need	  to	  be	  programmed	  properly,	  but	  also	  the	  building	  would	  have	  to	  take	  place	  using	  a	  toroidal	  coordinate	  system.	  	   Since	  the	  programming	  in	  the	  toroidal	  coordinate	  system	  is	  rather	  complicated,	  an	  alternative	  configuration	  was	  developed	  that	  would	  provide	  comparable	  results.	  	  This	  was	  the	  first	  idea	  for	  manipulating	  the	  magnetic	  field	  into	  the	  phantom	  monopole	  and	  involved	  two	  helical	  antennas	  orientated	  in	  the	  fashion	  shown	  in	  figure	  24.	  	  The	  antennas	  are	  parallel	  to,	  and	  are	  raised	  some	  distance	  off	  of	  the	  ground	  plane.	  	  The	  idea	  is	  that	  the	  magnetic	  dipole	  moment	  would	  travel	  along	  the	  axis	  of	  the	  helix,	  making	  the	  dipole	  moments	  the	  same	  as	  in	  [4].	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Figure	  24:	  Orientation	  for	  unpinned	  helical	  antennas	  (top	  view)	  	  
2-­‐10	   First	  Phantom	  Monopole	  Configuration	  	  	  	   Two	  simulation	  studies	  were	  performed	  in	  order	  to	  determine	  how	  well	  the	  configuration	  worked	  in	  producing	  the	  phantom	  monopole.	  	  The	  first	  study	  was	  to	  vary	  the	  angle	  between	  the	  two	  antennas	  (90o	  to	  180o).	  	  The	  second	  study	  was	  to	  change	  the	  distance	  between	  the	  antennas	  (0.1λ	  to	  1λ).	  	  This	  is	  shown	  in	  figure	  25,	  D	  is	  distance	  and	  θ	  is	  angle.	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Figure	  25:	  Angle	  between	  antennas,	  θ,	  and	  distance	  between,	  D.	  	   The	  antennas	  used	  were	  copper,	  unpinned,	  15o	  pitch	  angle	  helical	  antennas,	  raised	  0.818	  cm	  off	  an	  infinite	  perfect	  ground	  plane.	  In	  these	  simulations,	  radiation	  pattern	  was	  the	  main	  concern.	  The	  goal	  is	  a	  near-­‐omnidirectional	  radiation	  pattern.	  	  The	  results	  of	  both	  studies	  provided	  similar	  far	  field	  radiation	  patterns,	  regardless	  of	  the	  changing	  angle	  or	  distance.	  	  An	  example	  of	  one	  simulation	  result	  is	  shown	  below	  in	  figure	  26.	  	  The	  simulation	  is	  done	  with	  two	  unpinned	  helical	  antennas,	  0.5λ	  apart,	  with	  90o	  angle	  between	  the	  antennas.	  	  The	  black	  bars	  represent	  the	  antennas	  with	  the	  feed	  point	  for	  the	  antennas	  at	  the	  ends	  that	  are	  closest	  to	  the	  origin.	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Figure	  26:	  	  Far	  field	  radiation	  pattern	  of	  unpinned	  helical	  antenna	  	  	   It	  was	  found	  that	  the	  near	  omnidirectional	  pattern	  was	  not	  achieved	  despite	  the	  angle	  or	  distance.	  	  There	  was	  an	  additional	  realization	  through	  the	  simulations.	  	  The	  antenna	  was	  not	  acting	  as	  a	  helical	  antenna	  with	  the	  magnetic	  dipole	  moment	  passing	  through	  the	  helix,	  but	  rather	  as	  a	  top	  loaded	  monopole.	  	  This	  can	  be	  seen	  because	  the	  two	  antennas,	  when	  placed	  0.5λ	  (as	  in	  figure	  24),	  provide	  the	  same	  far	  field	  radiation	  pattern	  as	  a	  collinear	  array.	  	  The	  null	  in	  the	  XY	  plane	  shows	  this.	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This	  realization	  led	  to	  the	  idea	  that	  if	  the	  antenna	  was	  pinned	  at	  both	  ends	  it	  would	  act	  as	  a	  loop	  antenna.	  	  If	  the	  pinned	  helical	  antenna	  did	  act	  as	  the	  loop	  antenna,	  the	  original	  phantom	  monopole	  configuration	  could	  be	  used.	  
2-­‐11	   Double	  Helical	  Configuration	  Far	  Field	  Radiation	  	  	   Since	  it	  was	  thought	  the	  pinned	  helical	  antenna	  was	  performing	  as	  a	  small	  loop	  antenna,	  simulations	  were	  done	  to	  confirm	  the	  far	  field	  omni-­‐directional	  pattern.	  	  To	  do	  this,	  a	  study	  of	  pinned	  horizontal	  helical	  antennas	  over	  a	  perfect	  infinite	  ground	  plane	  was	  done.	  	  Different	  distances	  apart	  (0.1λ-­‐1λ)	  were	  investigated	  and	  compared	  to	  the	  omnidirectional	  pattern	  achieved	  in	  [7],	  shown	  in	  figure	  28.	  	  It	  was	  found	  that	  the	  helical	  loop	  configuration	  provided	  a	  consistent	  near-­‐omnidirectional	  far	  field	  radiation	  pattern	  over	  the	  different	  distances,	  shown	  in	  figure	  26.	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Figure	  27:	  Far	  field	  radiation	  pattern	  for	  0.1	  (red),	  0.4	  (green),	  and	  0.7	  (blue)	  wavelengths	  for	  
double	  helical	  pinned	  configuration	  
	  
Figure	  28:	  Radiation	  pattern	  found	  in	  [7]	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2-­‐12	   Adding	  a	  Ground	  Plane	  	  	  	   Up	  to	  this	  point	  all	  the	  simulations	  were	  done	  over	  a	  perfect	  infinite	  ground	  plane.	  	  To	  prove	  the	  configuration	  works	  in	  a	  real	  world	  environment,	  a	  finite	  ground	  plane	  was	  simulated.	  	  To	  model	  the	  ground	  plane,	  NEC	  code	  was	  written	  to	  add	  a	  grid	  of	  wires	  0.6	  meters	  in	  length.	  	  This	  size	  is	  one	  wavelength	  at	  an	  operating	  frequency	  of	  500	  MHz.	  	  NEC	  cannot	  simulate	  a	  solid	  piece	  of	  metal	  for	  a	  ground	  plane,	  so	  a	  grid	  must	  be	  used	  in	  order	  for	  the	  grid	  to	  operate	  as	  a	  working	  ground	  plane.	  	  The	  size	  of	  each	  square	  must	  be	  much	  less	  than	  one	  wavelength.	  	  	  The	  wire	  
segment	  length	  is	  0.03	  meters,	  which	  is	  
€ 
λ
20 	  at	  500	  MHz.	  	   The	  simulations	  take	  much	  longer	  when	  there	  is	  a	  ground	  plane,	  so	  only	  a	  few	  of	  the	  antennas	  were	  chosen	  to	  simulate	  over	  the	  ground	  plane.	  	  A	  double	  helical	  loop	  configuration	  at	  different	  distances	  apart	  was	  simulated	  to	  confirm	  the	  phantom	  monopole.	  	  Pinned	  and	  unpinned	  single	  helical	  antennas	  with	  a	  15o,	  50o,	  and	  68o	  pitch	  angle	  were	  also	  simulated.	  	  The	  pinned	  and	  unpinned	  cases	  were	  done	  in	  order	  to	  get	  an	  understanding	  of	  what	  would	  happen	  when	  the	  antennas	  were	  physically	  built.	  	  The	  results	  of	  the	  computer	  modeling	  with	  a	  ground	  plane	  were	  compared	  to	  the	  physical	  testing,	  therefore	  the	  results	  of	  the	  ground	  plane	  simulations	  for	  the	  single	  helical	  antennas	  can	  be	  found	  in	  the	  building	  and	  testing	  section,	  Chapter	  3.	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2-­‐13	   Creating	  the	  Phantom	  Monopole	  Using	  Helical	  Antennas	  	   	  After	  the	  investigation	  on	  the	  helical	  antenna,	  the	  phantom	  monopole	  near	  magnetic	  field	  needed	  to	  be	  tested	  and	  achieved.	  	  In	  order	  to	  do	  this,	  a	  different	  post-­‐processing	  method	  is	  used.	  	  NEC	  does	  not	  provide	  an	  easy	  way	  to	  graph	  the	  near	  field	  so	  a	  post-­‐processing	  program	  GNUplot	  was	  used.	  After	  the	  simulation	  is	  run	  in	  4NEC2,	  NEC	  outputs	  a	  file	  that	  has	  the	  location,	  magnitude,	  and	  phase	  of	  the	  near	  magnetic	  field.	  	  An	  example	  of	  this	  output	  file	  is	  shown	  in	  Appendix	  II.	  	  These	  numbers	  are	  saved	  in	  a	  separate	  file	  and	  opened	  in	  GNUplot.	  	  GNUplot	  takes	  these	  numbers	  and	  can	  graph	  them	  using	  vectors.	  	  The	  program	  also	  allows	  for	  the	  ability	  to	  easily	  manipulate	  and	  scale	  the	  numbers.	  	  	  The	  equation	  for	  the	  magnetic	  field	  is	  
€ 
Hx (r ,t) = H x cos(ωt + φx )	   	   	   	   (2-­‐16)	  and	  
€ 
Hy (r ,t) = H y cos(ωt + φy )	   	   	   	   (2-­‐17)	  where	  |H|	  is	  the	  magnitude,	  ϕ	  is	  the	  phase,	  and	  ωt	  is	  the	  time	  constant.	  	  In	  the	  simulation	  the	  time	  zero	  was	  chosen,	  leaving	  
€ 
Hx,y (r ,t) = H x,y cos(φx,y ) 	   	   	   	   (2-­‐18)	  for	  the	  x	  and	  y	  component.	  	  These	  can	  then	  be	  added	  together	  to	  achieve	  the	  final	  near	  field,	  given	  by	  
€ 
H = Hx (r ,t) ˆ ax + Hy (r ,t) ˆ ay 	   	   	   	   (2-­‐19)	  The	  NEC	  output	  file	  is	  changed	  in	  GNUplot	  according	  to	  equation	  2-­‐16	  in	  order	  to	  get	  the	  correct	  output	  graph.	  	  After	  this	  post-­‐processing	  procedure	  the	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phantom	  monopole	  can	  be	  observed.	  	  Figure	  29	  shows	  the	  near-­‐magnetic	  field	  radiation	  pattern	  of	  a	  double	  helical,	  6	  loop,	  15-­‐degree	  pitch	  angle,	  over	  a	  0.6	  meter	  finite	  brass	  ground	  plane	  antenna	  configuration.	  	  The	  antennas	  are	  placed	  0.5λ	  away	  from	  each	  other	  and	  are	  located	  along	  the	  0	  on	  the	  y-­‐	  axis,	  and	  at	  0.1	  and	  0.4	  on	  the	  x-­‐axis.	  	  The	  simulation	  was	  done	  at	  500	  MHz.	  
	  
Figure	  29:	  Near-­magnetic	  field	  pattern	  of	  helical	  configuration	  
	  	   It	  can	  be	  seen	  that	  the	  near	  magnetic	  field	  vortexes	  the	  same	  as	  a	  monopole	  antenna,	  proving	  that	  the	  phantom	  monopole	  is	  achieved	  using	  the	  double	  helical	  antenna	  configuration.	  	  Further	  investigation	  found	  that	  this	  same	  phantom	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monopole	  radiation	  pattern	  was	  achieved	  for	  different	  pitch	  angles	  and	  different	  distances	  between	  the	  helical	  antennas.	  
2-­‐14	   Discussion	  	  	  	   Through	  all	  the	  computer	  investigation	  of	  a	  horizontal	  helical	  antenna,	  a	  few	  appropriate	  designs	  were	  found	  that	  produced	  the	  same	  near	  magnetic	  field	  as	  the	  wire	  loop	  configuration	  in	  [4],	  as	  well	  as	  maintaining	  an	  omnidirectional	  far	  field	  radiation	  pattern.	  	  The	  configuration	  found	  has	  a	  more	  desirable	  impedance	  compared	  to	  a	  wire	  loop.	  	  This	  was	  expected	  because	  of	  the	  nature	  of	  a	  helical	  antenna.	  	  A	  helical	  antenna	  can	  be	  modeled	  as	  a	  small	  loop	  connected	  to	  an	  ideal	  dipole,	  so	  the	  impedance	  expected	  was	  in-­‐between	  a	  small	  loop	  and	  a	  dipole	  antenna,	  which	  is	  what	  the	  results	  showed.	  Since	  the	  entire	  configuration	  will	  not	  be	  built	  the	  results	  of	  building	  a	  single	  helical	  antenna	  will	  be	  investigated.	  	  The	  entire	  configuration	  will	  not	  be	  built	  because	  there	  are	  physical	  challenges	  in	  doing	  so.	  	  The	  biggest	  obstacle	  is	  feeding	  the	  two	  antennas	  exactly	  the	  same,	  which	  is	  necessary	  to	  achieve	  the	  phantom	  monopole.	  	  Using	  the	  results	  of	  a	  single	  helical	  antenna	  it	  can	  be	  determined	  that	  if	  the	  same	  results	  for	  the	  single	  helical	  antennas	  were	  achieved	  in	  testing	  as	  in	  computer	  modeling,	  then	  the	  computer	  modeling	  of	  the	  double	  helical	  antenna	  phantom	  monopole	  is	  correct.
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CHAPTER	  3:	  BUILDING	  AND	  TESTING	  	  	   The	  next	  step	  in	  finding	  the	  appropriate	  horizontal	  helical	  antenna	  for	  the	  phantom	  monopole	  configuration	  is	  to	  physically	  build	  the	  antenna.	  	  To	  do	  this	  a	  system	  needs	  to	  be	  made	  so	  that	  the	  antennas	  are	  easily	  interchangeable,	  but	  still	  provide	  accurate	  results.	  	  The	  system	  needs	  to	  have	  a	  ground	  plane	  with	  a	  feed	  point	  in	  the	  middle	  in	  which	  the	  antennas	  can	  be	  inserted	  and	  tested.	  
3-­‐1	   Building	  the	  Ground	  Plane	  	  	  	   To	  build	  the	  ground	  plane	  a	  2-­‐foot	  by	  2-­‐foot	  piece	  of	  brass	  is	  used.	  	  This	  was	  chosen	  because	  it	  is	  very	  close	  to	  the	  size	  of	  one	  wavelength	  at	  500	  MHz,	  0.6096m.	  	  Brass	  was	  chosen	  because	  it	  has	  appropriate	  ground	  plane	  characteristics	  and	  was	  readily	  available.	  	  This	  piece	  of	  brass	  needs	  to	  be	  reinforced	  since	  it	  is	  a	  thin	  piece	  of	  metal	  and	  is	  not	  very	  sturdy.	  	  To	  reinforce	  the	  brass,	  2-­‐inch	  by	  2-­‐inch	  wood	  pieces	  were	  cut	  two	  feet	  long	  and	  a	  frame	  made.	  	  This	  frame	  was	  attached	  to	  the	  brass	  using	  tack	  nails.	  	   To	  attach	  the	  antennas,	  a	  female	  SMA	  connecter	  is	  used.	  	  This	  allows	  for	  an	  antenna	  to	  be	  slid	  in	  and	  out	  of	  the	  connector	  easily,	  which	  in	  turn	  allows	  multiple	  antennas	  to	  be	  tested.	  	  To	  attach	  the	  SMA	  connector	  to	  the	  ground	  plane	  a	  hole	  the	  appropriate	  size,	  0.5	  cm,	  was	  drilled	  in	  the	  center	  of	  the	  ground	  plane.	  	  An	  SMA	  female-­‐to-­‐female	  connector	  was	  then	  soldered	  to	  the	  brass	  ground	  plane	  to	  ensure	  it	  stayed	  in	  place.	  	  Pictures	  of	  the	  setup	  can	  be	  found	  in	  Appendix	  III.	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3-­‐2	   Building	  Different	  Antennas	  	  	  	   To	  build	  the	  antennas,	  gauge	  22	  copper	  wire	  was	  used.	  	  To	  make	  sure	  the	  helix	  of	  the	  antenna	  is	  the	  same	  for	  every	  antenna	  a	  dowel	  rod	  was	  used.	  	  The	  dowel	  rod	  was	  marked	  with	  the	  appropriate	  distance	  for	  the	  wire	  loops	  to	  be	  apart.	  	  This	  ensures	  that	  the	  copper	  wire	  was	  wrapped	  around	  the	  dowel	  rod	  the	  same	  every	  time,	  providing	  consistently	  similar	  antennas.	  The	  SMA	  connector	  inner	  conductor	  radius	  is	  32	  mm	  and	  the	  gauge	  22	  copper	  wire	  radius	  is	  supposed	  to	  be	  32.2	  mm.	  	  However,	  when	  the	  wire	  was	  tested,	  the	  radius	  was	  smaller	  than	  advertised.	  	  This	  meant	  the	  copper	  wire	  must	  be	  connected	  to	  something	  else	  to	  make	  sure	  there	  is	  a	  good	  electrical	  connection	  made	  with	  the	  SMA	  connector.	  	  Through	  investigation	  it	  was	  found	  that	  a	  paper	  clip	  was	  the	  appropriate	  size.	  	  To	  connect	  the	  antenna	  to	  the	  piece	  of	  a	  paper	  clip,	  the	  two	  are	  soldered	  together,	  and	  then	  covered	  in	  copper	  tape.	  	  This	  makes	  sure	  there	  is	  a	  good	  electrical	  connection	  between	  the	  two	  wires,	  as	  well	  as	  with	  the	  SMA	  connector.	  
3-­‐3	   Testing	  Equipment	  	  	  	   To	  test	  the	  antennas	  a	  vector	  network	  analyzer,	  VNA,	  (model:	  Agilent	  8714ES)	  was	  used.	  	  A	  VNA	  allows	  for	  a	  measurement	  of	  S11,	  the	  reflection	  coefficient,	  and	  the	  impedance	  of	  the	  antenna.	  	  Using	  these	  two	  measurements,	  the	  computer-­‐simulated	  models	  were	  tested	  to	  confirm	  what	  the	  computer	  modeling	  provided.	  	  To	  make	  sure	  the	  VNA	  outputs	  the	  proper	  data,	  it	  must	  be	  calibrated	  using	  the	  Agilent	  85033E	  3.5mm	  calibration	  kit.	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3-­‐4	   Antennas	  Being	  Built	  	  	  	   The	  computer	  modeling	  of	  the	  antennas	  provided	  a	  direction	  regarding	  which	  antennas	  to	  build.	  	  It	  was	  decided	  that	  15o,	  50o,	  and	  68o	  pitch	  angle	  antennas	  for	  both	  pinned	  and	  unpinned	  cases	  would	  be	  built.	  	  This	  was	  decided	  in	  order	  to	  get	  a	  better	  understanding	  of	  what	  happens	  to	  the	  antenna	  as	  the	  pitch	  angle	  changes.	  	  The	  unpinned	  case	  is	  done	  to	  confirm	  the	  computer	  modeling	  as	  well	  as	  how	  the	  horizontal	  helical	  antenna	  performs	  while	  horizontal	  to	  the	  ground	  plane.	  	  The	  pinned	  case	  is	  done	  to	  provide	  physical	  testing	  of	  the	  antennas	  used	  to	  create	  the	  phantom	  monopole.	  	   Another	  set	  of	  antennas	  tested	  was	  the	  vertical	  to	  horizontal	  study.	  	  In	  real	  world	  application	  it	  is	  necessary	  to	  see	  how	  well	  the	  antenna	  performs	  as	  the	  antenna	  is	  lowered	  from	  vertical	  to	  horizontal.	  	  For	  this	  study	  a	  single	  antenna	  was	  used	  in	  order	  to	  provide	  results	  that	  rely	  mainly	  on	  the	  angle	  that	  the	  axis	  of	  the	  helix	  makes	  with	  respect	  to	  the	  ground	  plane.	  
3-­‐5	   Possible	  Problems	  with	  Testing	  	  	  	   There	  are	  some	  possible	  issues	  that	  may	  arise	  as	  the	  building	  and	  testing	  portions	  of	  the	  thesis	  are	  carried	  out.	  The	  main	  concern	  is	  the	  electrical	  connection	  of	  the	  SMA	  connector	  with	  the	  antenna.	  	  Ideally	  the	  electrical	  connection	  would	  not	  wear	  out,	  but	  with	  the	  changing	  of	  many	  different	  antennas	  it	  is	  inevitable	  that	  the	  electrical	  connection	  will	  deteriorate.	  	  This	  may	  lead	  to	  inaccurate	  results.	  	  In	  order	  to	  avoid	  this	  as	  much	  as	  possible,	  the	  SMA	  connector	  is	  connected	  to	  the	  ground	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plane	  in	  such	  a	  manner	  that	  it	  can	  be	  easily	  replaced.	  	  Also,	  the	  changing	  of	  antennas	  is	  kept	  to	  a	  minimum	  during	  testing.	  	   Another	  problem	  possible	  with	  the	  different	  tests,	  most	  specifically	  the	  vertical	  to	  horizontal	  study,	  is	  human	  error.	  	  For	  example,	  as	  the	  antenna	  is	  changed	  from	  vertical	  to	  horizontal	  the	  angle	  must	  be	  accurate.	  	  To	  do	  this	  a	  protractor	  is	  used,	  but	  there	  is	  still	  a	  human	  error	  factor.	  
3-­‐6	   Unpinned	  Helical	  Antenna	  Results	  	  	  	   The	  first	  antennas	  built	  were	  the	  150,	  50o,	  and	  68o	  pitch	  angle,	  unpinned	  horizontal	  helical	  antennas.	  	  The	  measurements	  that	  were	  taken	  were	  then	  compared	  to	  the	  results	  found	  in	  computer	  modeling.	  	  	  The	  results	  for	  the	  15-­‐degree	  pitch	  angle	  are	  shown	  in	  figures	  30	  and	  31.	  	  Figure	  30	  is	  the	  computer	  modeling	  while	  figure	  31	  is	  the	  measured	  result.	  	  It	  can	  be	  seen	  that	  the	  reflection	  coefficient	  dips	  at	  around	  750	  MHz,	  but	  in	  testing	  it	  was	  found	  that	  it	  actually	  dipped	  at	  644	  MHz.	  	  Also	  the	  reflection	  in	  testing	  was	  higher	  than	  in	  the	  computer	  modeling,	  about	  1.3	  compared	  to	  2.13	  dB.	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Figure	  30:	  Computer	  modeling	  of	  15-­degree	  pitch	  angle	  reflection	  coefficient	  	  	  
	  
Figure	  31:	  Physical	  testing	  of	  15-­degree	  pitch	  angle	  reflection	  coefficient	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   Shown	  in	  figures	  32	  and	  33	  are	  the	  results	  for	  the	  50	  degree	  pitch	  angle.	  	  The	  50-­‐degree	  pitch	  angle	  also	  produced	  similar	  results	  to	  the	  computer	  modeling.	  	  The	  dip	  happens	  around	  500	  MHz	  in	  the	  computer	  modeling,	  and	  in	  testing	  that	  result	  was	  reproduced.	  	  Much	  like	  the	  15-­‐degree	  pitch	  angle,	  the	  dip	  is	  actually	  deeper	  in	  the	  testing	  compared	  to	  the	  computer	  simulation,	  about	  1.488	  compared	  to	  0.9	  dB.	  
	  
Figure	  32:	  Computer	  modeling	  of	  50-­degree	  pitch	  angle	  reflection	  coefficient	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Figure	  33:	  Physical	  testing	  of	  50-­degree	  pitch	  angle	  reflection	  coefficient	  	  	  	   Finally,	  the	  68-­‐degree	  pitch	  angle	  antenna	  produced	  comparable	  results.	  	  The	  dip	  in	  testing	  was	  a	  little	  lower	  in	  frequency	  than	  expected,	  500	  MHz,	  but	  the	  trend	  was	  the	  same,	  shown	  in	  figures	  34	  and	  35.	  	  The	  reflection	  coefficients	  were	  also	  close	  to	  each	  other	  at	  500	  MHz,	  -­‐1.5169	  dB	  compared	  to	  about	  -­‐1.1	  dB.	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Figure	  34:	  Computer	  modeling	  of	  68-­degree	  pitch	  angle	  reflection	  coefficient	  	  	  
	  
Figure	  35:	  Physical	  testing	  of	  68-­degree	  pitch	  angle	  reflection	  coefficient	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   In	  figure	  34	  it	  can	  be	  seen	  that	  there	  is	  a	  breakdown	  in	  the	  computer	  modeling	  when	  the	  frequency	  is	  lower,	  up	  to	  about	  425	  MHz.	  	  Physically	  the	  reflection	  coefficient	  must	  be	  below	  0	  dB.	  	  If	  it	  is	  above	  0	  dB	  it	  means	  that	  the	  system	  is	  getting	  back	  more	  power	  than	  it	  is	  supplying,	  which	  is	  not	  physically	  possible.	  	  This	  breakdown	  occurs	  in	  the	  4NEC2	  program	  because	  the	  wire	  radius	  is	  too	  thick	  at	  that	  frequency.	  	  The	  phenomenon	  is	  ignored	  in	  this	  case	  because	  it	  happens	  at	  a	  frequency	  that	  is	  not	  relevant	  to	  this	  research.	  	   The	  next	  thing	  to	  check	  to	  make	  sure	  the	  computer	  testing	  and	  the	  physical	  building	  were	  comparable	  was	  to	  check	  the	  impedance.	  	  It	  can	  be	  seen	  in	  table	  3	  that	  the	  impedances	  differed	  but	  the	  trend	  stayed	  the	  same.	  	  The	  real	  part	  of	  the	  impedance	  of	  the	  computer	  modeling	  starts	  out	  low	  with	  the	  15-­‐degree	  pitch	  angle,	  then	  gets	  larger	  with	  the	  larger	  pitch	  angles.	  	  The	  physical	  testing	  of	  the	  antennas	  produced	  this	  same	  trend.	  	   This	  trend	  also	  happened	  with	  the	  imaginary	  part	  of	  the	  impedance.	  	  In	  the	  computer	  modeling	  it	  starts	  out	  negative,	  then	  as	  the	  pitch	  angle	  increases,	  the	  imaginary	  impedance	  gets	  less	  negative,	  then	  turns	  positive,	  going	  from	  capacitive	  to	  inductive.	  	  This	  happens	  with	  the	  physical	  testing	  of	  the	  antenna	  as	  well.	  	  It	  can	  be	  seen	  that	  the	  only	  antenna	  that	  changes	  from	  capacitive	  to	  inductive,	  from	  computer	  to	  physical	  testing,	  is	  the	  50-­‐degree	  pitch	  angle.	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Antenna 
Computer 
real 
Computer 
imaginary 
Physical 
real 
Physical 
imaginary 
15 degree 
unpinned 1.24 -149 1.062 -57.63 
50 degree 
unpinned 2.67 -7 5.673 26.61 
68 degree 
unpinned 5.17 21.5 11.51 87.59 
Table	  3:	  Impedance	  of	  unpinned	  helical	  antennas	  	  
3-­‐7	   Results	  of	  Vertical	  to	  Horizontal	  Study	  	  	  	   The	  next	  study	  investigated	  was	  to	  confirm	  the	  computer	  modeling	  of	  the	  vertical	  to	  horizontal	  study.	  	  This	  was	  done	  by	  changing	  the	  angle	  of	  the	  axis	  of	  the	  helix	  with	  respect	  to	  the	  ground	  plane.	  	  The	  measurements	  taken	  are	  the	  reflection	  coefficient	  as	  well	  as	  the	  impedance.	  	  Using	  these	  two	  parameters	  a	  comparison	  can	  be	  done	  with	  the	  computer	  modeling	  results	  and	  the	  measured	  results.	  	   First	  the	  impedance	  was	  checked.	  	  In	  order	  to	  get	  a	  proper	  reading	  off	  of	  the	  VNA,	  the	  Smith	  chart	  format	  was	  used.	  	  An	  example	  is	  shown	  below	  in	  figure	  36.	  	  The	  VNA	  provides	  3	  different	  measurements	  of	  impedance,	  shown	  in	  the	  upper	  right	  corner	  of	  figure	  36.	  	  The	  first	  is	  the	  real	  impedance,	  the	  second	  is	  the	  imaginary	  impedance	  in	  ohms,	  and	  the	  third	  is	  the	  imaginary	  impedance	  in	  Henries	  or	  Farads.	  	  All	  measurements	  used	  for	  the	  graphs	  use	  the	  impedance	  given	  in	  ohms	  for	  both	  the	  real	  and	  imaginary	  parts.	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Figure	  36:	  Example	  of	  Smith	  chart	  format	  on	  VNA	  	  	  	   The	  real	  part	  of	  the	  impedance	  did	  not	  match	  exactly	  with	  the	  numbers,	  but	  it	  did	  follow	  the	  same	  trend.	  	  As	  the	  axis	  of	  the	  helix	  was	  lowered	  towards	  the	  ground	  plane,	  the	  impedance	  fell.	  	  In	  practice	  it	  didn’t	  fall	  as	  low	  as	  in	  computer	  simulation,	  but	  it	  maintains	  the	  same	  trend	  in	  the	  graph.	  	  The	  antenna	  modeled	  is	  68-­‐degree	  pitch	  angle,	  6	  loop,	  copper	  antenna.	  	  The	  computer	  simulations	  were	  done	  over	  a	  perfect	  infinite	  ground	  plane.	  	  The	  results	  are	  shown	  in	  figures	  37	  and	  38.	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Figure	  37:	  Computer	  modeling	  of	  real	  impedance	  vs	  degree	  of	  angle	  of	  helical	  axis	  	  
	  
Figure	  38:	  Physical	  testing	  of	  real	  impedance	  vs	  degree	  of	  angle	  of	  helical	  axis	  	  	  	   The	  reactance	  of	  the	  antenna	  did	  not	  follow	  the	  same	  trend.	  	  In	  the	  physical	  testing,	  as	  the	  angle	  of	  the	  helix	  went	  from	  vertical	  to	  horizontal,	  the	  reactance	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increased.	  	  In	  the	  computer	  modeling	  however,	  the	  reactance	  was	  not	  only	  nominally	  smaller,	  but	  also	  it	  was	  negative	  rather	  than	  positive.	  	  The	  results	  are	  shown	  below	  in	  figures	  39	  and	  40.	  	  This	  difference	  comes	  from	  the	  ground	  plane.	  	  In	  the	  computer	  simulations	  the	  antennas	  were	  built	  over	  a	  perfect,	  infinite	  ground	  plane.	  	  The	  physical	  testing	  was	  done	  over	  a	  one-­‐wavelength	  brass	  plate.	  	  The	  interaction	  of	  the	  antenna	  with	  the	  ground	  plane	  may	  explain	  why	  the	  answers	  in	  this	  section	  were	  so	  drastically	  different.	  	  This	  can	  also	  be	  due	  to	  the	  sensitivity	  of	  the	  antennas.	  
	  
Figure	  39:	  Computer	  modeling	  of	  reactance	  vs	  degree	  of	  angle	  of	  helical	  axis	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Figure	  40:	  Physical	  testing	  of	  reactance	  vs	  degree	  of	  angle	  of	  helical	  axis	  	  	   The	  reflection	  coefficient	  of	  the	  antenna,	  measure	  in	  dB,	  followed	  the	  same	  style.	  	  The	  physical	  testing	  of	  the	  antenna	  provided	  a	  higher	  dB	  than	  in	  the	  computer	  modeling	  near	  the	  vertical,	  but	  still	  provided	  very	  close	  to	  the	  same	  graph.	  	  The	  results	  are	  shown	  in	  figures	  41	  and	  42.	  	  	  
	  
Figure	  41:	  Computer	  modeling	  of	  reflection	  coefficient	  vs	  angle	  of	  axis	  of	  helix	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Figure	  42:	  Physical	  testing	  of	  reflection	  coefficient	  vs	  angle	  of	  axis	  of	  helix,	  first	  and	  second	  
testing	  are	  shown.	  	  	   Through	  the	  physical	  testing	  of	  vertical	  to	  horizontal	  a	  possible	  replacement	  for	  a	  large	  whip	  antenna	  was	  found.	  	  As	  the	  antenna	  was	  bent	  towards	  the	  ground	  plane,	  the	  impedance	  dropped.	  	  Around	  60-­‐70	  degrees	  from	  vertical,	  the	  impedance	  of	  the	  helical	  antenna	  is	  about	  50Ω.	  	  This	  is	  an	  easily	  matched	  impedance,	  the	  antenna	  still	  maintains	  the	  omnidirectional	  far	  field	  radiation	  pattern,	  and	  the	  antenna	  is	  low	  profile	  since	  it	  is	  20-­‐30	  degrees	  off	  the	  ground	  plane.	  
3-­‐8	   Results	  of	  Physical	  Testing	  Pinned	  Helical	  Antenna	  	  	   The	  final	  set	  of	  testing	  is	  to	  test	  the	  pinned	  helical	  antenna	  at	  the	  15,	  50,	  and	  68-­‐degree	  pitch	  angles.	  	  It	  has	  been	  proven	  that	  the	  testing	  procedure	  provides	  correct	  results,	  so	  the	  final	  study	  is	  to	  observe	  the	  same	  results	  in	  testing	  as	  in	  computer	  simulation	  to	  confirm	  the	  phantom	  monopole	  configuration.	  
-­‐20	  -­‐18	  
-­‐16	  -­‐14	  
-­‐12	  -­‐10	  
-­‐8	  -­‐6	  
-­‐4	  -­‐2	  
0	   0	   20	   40	   60	   80	   100	  
R
eg
le
ct
io
n
	  c
oe
fg
ic
ie
n
t	  
in
	  d
B
	  
θ	  
	  	  
58	  
	   To	  set	  up	  the	  testing	  of	  these	  antennas,	  the	  same	  procedure	  was	  used	  as	  in	  previous	  testing.	  	  To	  pin	  the	  antennas	  to	  the	  brass	  ground	  plane,	  a	  drop	  of	  solder	  is	  used.	  	  After	  the	  first	  testing,	  this	  method	  was	  changed.	  	  For	  the	  second	  round	  of	  testing	  a	  square	  of	  copper	  tape	  with	  a	  hole	  in	  the	  middle	  was	  used	  to	  help	  contain	  the	  solder.	  	  This	  was	  done	  because	  there	  was	  some	  concern	  that	  the	  single	  drop	  of	  solder	  did	  not	  maintain	  a	  good	  connection	  to	  the	  ground	  plane.	  	  This	  is	  the	  last	  testing	  that	  is	  done,	  so	  there	  was	  concern	  that	  the	  SMA	  electrical	  connection	  to	  the	  antenna	  was	  degrading.	  	   The	  antennas	  being	  tested	  are	  all	  made	  of	  copper	  and	  are	  all	  approximately	  8.18	  mm	  off	  of	  a	  finite	  ground	  plane.	  	  This	  is	  the	  height	  decided	  in	  order	  to	  stay	  consistent	  with	  the	  results	  found	  and	  chosen	  in	  computer	  simulations.	  	  Also,	  much	  like	  the	  previous	  testing,	  the	  parameters	  being	  tested	  are	  the	  reflection	  coefficient	  and	  the	  impedance.	  	   For	  the	  15-­‐degree	  pitch	  angle	  it	  was	  found	  that	  the	  reflection	  coefficient,	  S11,	  follows	  a	  different	  trend	  in	  physical	  testing	  than	  computer	  modeling.	  	  This	  difference	  is	  due	  to	  the	  4NEC2	  program.	  	  When	  the	  frequency	  is	  low	  enough,	  and	  the	  wire	  radius	  is	  too	  large,	  there	  is	  a	  breakdown	  in	  the	  Method	  of	  Moments	  calculation	  in	  NEC.	  	  To	  fix	  this	  the	  radius	  needs	  to	  be	  made	  smaller.	  	  In	  the	  case	  of	  the	  15-­‐degree	  pitch	  angle,	  there	  was	  a	  point	  at	  which	  the	  radius	  was	  too	  small	  and	  different	  errors	  in	  NEC	  occurred	  (the	  radius/	  wire	  length	  has	  a	  specific	  requirement	  in	  the	  program).	  	  This	  led	  to	  the	  picture	  in	  figure	  43.	  	  	  	   The	  measured	  results,	  figure	  44,	  show	  that	  the	  15-­‐degree	  pitch	  angle	  actually	  stays	  in	  the	  real	  part	  of	  the	  spectrum,	  the	  dB	  measurement	  remains	  below	  zero.	  	  The	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ringing/	  oscillation	  in	  the	  graph	  could	  be	  due	  to	  the	  ground	  plane	  resonating	  or	  the	  VNA	  calibration.	  
	  
Figure	  43:	  Computer	  modeling	  of	  15-­degree	  pinned	  helical	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Figure	  44:	  Physical	  testing	  of	  15-­degree	  pinned	  helical	  antenna	  	   The	  50-­‐degree	  pinned	  helical	  antenna	  differed	  from	  computer	  modeling	  and	  the	  physical	  testing	  of	  the	  antenna.	  	  It	  can	  be	  seen	  in	  figures	  45	  and	  46	  that	  the	  reflection	  coefficient	  does	  not	  follow	  the	  same	  trend.	  	  In	  the	  computer	  modeling	  the	  dip	  in	  dB	  is	  around	  900	  MHz,	  whereas	  in	  the	  physical	  testing	  the	  dip	  is	  around	  420	  MHz.	  	  The	  dip	  has	  about	  the	  same	  magnitude	  in	  both	  the	  computer	  modeling	  and	  in	  the	  physical	  testing,	  about	  1.8	  dB.	  
	  	  
61	  
	  
Figure	  45:	  Computer	  modeling	  of	  50-­degree	  pinned	  helical	  antenna	  	  
	  
Figure	  46:	  	  Physical	  testing	  of	  50-­degree	  pinned	  helical	  antenna	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The	  68-­‐degree	  pinned	  helical	  antenna	  reflection	  coefficient	  matched	  up	  almost	  exactly	  the	  same.	  	  The	  dip	  for	  both	  occurs	  around	  900-­‐950	  MHz,	  and	  the	  magnitude	  is	  around	  4	  dB	  down.	  	  
	  
Figure	  47:	  Computer	  modeling	  of	  68-­degree	  pinned	  helical	  antenna	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Figure	  48:	  physical	  testing	  of	  68-­degree	  pinned	  helical	  antenna	  	  
 Computer model 1st testing 2nd testing 
15 degree 32.5-j134 17.86+j127.5 26-j655 
50 degree 266-j3102 32.37-j486.3 5.198+j15.27 
68 degree 26-j655 58.21+j414.1 1.438-j128.6 
Table	  4:	  Comparison	  of	  impedance	  for	  pinned	  helical	  antennas	  
	   Compared	  to	  the	  impedance	  of	  a	  small	  wire	  loop	  for	  a	  frequency	  of	  500	  MHz,	  7e-­‐3+j38.1Ω,	  the	  impedances	  achieved	  using	  the	  helical	  antenna	  drastically	  improve	  the	  real	  part	  of	  the	  impedance.	  	  This	  increase	  makes	  the	  antenna	  easier	  to	  match	  to	  the	  feed.	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3-­‐9	   Discussion	  	  	   	  	   In	  order	  for	  the	  phantom	  monopole	  to	  be	  physically	  realizable	  there	  needs	  to	  be	  physical	  testing	  for	  the	  antennas	  being	  used.	  	  Through	  computer	  modeling,	  a	  select	  few	  antennas	  were	  decided	  upon	  for	  building.	  	  Once	  the	  antennas	  were	  built	  they	  were	  tested	  and	  compared	  against	  what	  was	  achieved	  in	  computer	  simulation.	  	   Through	  the	  building	  and	  testing	  it	  was	  found	  that	  the	  antennas	  matched	  up	  relatively	  well.	  	  The	  numbers	  tended	  to	  follow	  the	  same	  trend,	  and	  the	  reflection	  coefficient,	  S11,	  graphs	  matched	  up	  almost	  exactly.	  	  There	  were	  some	  problems	  in	  some	  of	  the	  numbers	  achieved,	  however,	  this	  can	  be	  explained.	  	   The	  NEC	  program	  has	  some	  limitations,	  and	  some	  of	  those	  limitations	  happened	  in	  the	  computer	  modeling.	  	  This	  led	  to	  some	  incorrect	  computer	  modeling,	  giving	  a	  result	  that	  could	  not	  be	  compared	  to	  the	  physical	  testing.	  	  Also,	  there	  are	  some	  effects	  that	  come	  into	  play	  with	  the	  addition	  of	  the	  ground	  plane.	  	  Some	  of	  the	  impedance	  differences	  are	  due	  to	  the	  way	  the	  antenna	  was	  set	  up.	  	  These	  antennas	  are	  very	  sensitive	  and	  the	  impedance	  changes	  when	  the	  antenna	  is	  moved	  or	  re-­‐orientated.	  	  The	  way	  the	  second	  round	  of	  testing	  was	  set	  up,	  with	  the	  copper	  tape,	  was	  done	  to	  minimize	  this.	  	  That	  explains	  why	  the	  impedance	  results	  didn’t	  match	  up	  so	  directly.	  	   Overall	  the	  data	  matched	  up	  fairly	  well.	  	  Almost	  all	  of	  the	  testing	  produced	  the	  same	  trends	  in	  the	  graphs,	  and	  the	  reflection	  coefficient	  graphed	  matched	  up	  well.	  	  Despite	  some	  of	  the	  numbers	  being	  off,	  the	  testing	  was	  a	  success	  since	  it	  recreated	  the	  same	  trends	  as	  the	  computer	  modeling.	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CHAPTER	  4:	  CONCLUSIONS	  AND	  FURTHER	  RESEARCH	  	  
4-­‐1	   Conclusions	  	  	   The	  phantom	  monopole	  idea	  initially	  used	  straight	  wire	  loop	  antennas	  to	  create	  a	  near	  magnetic	  field	  pattern	  similar	  to	  that	  of	  a	  monopole.	  This	  had	  undesirable	  impedance	  so	  a	  new	  type	  of	  antenna	  was	  investigated.	  	  In	  order	  to	  create	  the	  phantom	  monopole	  using	  alternative	  antennas,	  computer	  modeling	  was	  done	  to	  quickly	  simulate	  many	  antennas	  with	  different	  parameters.	  	  	  The	  primary	  antenna	  being	  focused	  on	  in	  simulation	  was	  a	  horizontal	  helical	  antenna.	  	  This	  provided	  results	  and	  insight	  into	  the	  nature	  of	  a	  horizontal	  helical	  antenna,	  as	  well	  as	  possible	  options	  for	  a	  replacement	  antenna.	  	  From	  the	  computer	  modeling	  there	  were	  a	  few	  candidates	  chosen	  to	  physically	  build.	  	  The	  physical	  building	  of	  the	  horizontal	  helical	  antennas	  was	  used	  to	  confirm	  the	  results	  found	  in	  computer	  modeling.	  	   Since	  the	  phantom	  monopole	  was	  simulated	  on	  the	  computer,	  the	  antennas	  that	  were	  physically	  built	  were	  used	  to	  show	  the	  effectiveness	  of	  the	  computer	  modeling.	  	  If	  the	  physical	  testing	  result	  and	  the	  computer	  simulations	  match	  up,	  then	  it	  can	  be	  concluded	  that	  the	  phantom	  monopole	  configuration	  using	  horizontal	  helical	  antennas	  works.	  	  The	  physical	  testing	  showed	  the	  same	  trends	  as	  the	  computer	  modeling	  of	  the	  antennas.	  	  Even	  though	  the	  data	  wasn’t	  exactly	  the	  same,	  it	  was	  clear	  that	  the	  trends	  of	  the	  data	  matched	  up,	  and	  if	  they	  didn’t	  there	  was	  an	  explanation	  why.	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   Over	  a	  finite	  ground	  plane	  it	  was	  found	  that	  using	  a	  helical	  antenna,	  with	  varying	  pitch	  angles,	  the	  same	  near	  and	  far	  field	  magnetic	  and	  electric	  field	  patterns	  were	  achieved.	  	  This	  effectively	  created	  a	  phantom	  monopole	  using	  a	  new	  type	  of	  antenna.	  	   Based	  on	  the	  impedance	  of	  the	  antennas,	  a	  68-­‐degree	  pitch	  angle	  helical	  antenna	  was	  used.	  	  These	  were	  placed	  0.5λ	  distance	  apart	  and	  fed	  at	  the	  same	  point.	  	  In	  the	  far	  field	  radiation	  pattern	  the	  antennas	  are	  located	  along	  the	  x-­‐axis.	  	  This	  configuration	  produced	  a	  far	  field	  omnidirectional	  pattern	  as	  well	  as	  the	  phantom	  monopole	  near	  field	  pattern	  shown	  in	  figures	  49	  and	  50.	  
	  
Figure	  49:	  	  Near-­omnidirectional	  far	  field	  radiation	  pattern	  along	  horizon	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Figure	  50:	  Phantom	  monopole	  achieved	  by	  68-­degree	  pitch	  angle	  horizontal	  helical	  antenna	  	  	   All	  of	  the	  data	  and	  simulations	  show	  that	  the	  horizontal	  helical	  antenna	  is	  a	  suitable	  replacement	  to	  the	  wire	  loop	  antenna.	  	  The	  helical	  antenna	  provides	  the	  same	  dipole	  moment	  through	  the	  center	  of	  the	  loop,	  but	  has	  more	  desirable	  impedance.	  	  The	  dipole	  moment	  of	  both	  antennas	  combine,	  effectively	  creating	  the	  phantom	  monopole.	  	   Also	  through	  testing	  another	  alternative	  for	  a	  low	  profile	  antenna	  was	  found.	  	  In	  testing	  it	  was	  found	  that	  bending	  a	  helical	  antenna	  towards	  the	  ground	  plane	  showed	  an	  improvement	  in	  impedance,	  almost	  matching	  up	  to	  50Ω	  at	  around	  60-­‐70	  degrees	  from	  vertical.	  	  This	  reduces	  the	  size	  of	  the	  antenna	  since	  it	  is	  not	  only	  a	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helical	  antenna,	  but	  it	  is	  also	  bent	  towards	  the	  ground	  plane,	  reducing	  the	  effective	  height	  even	  more.	  
4-­‐2	   Further	  Research	  	   The	  work	  done	  focused	  on	  an	  alternative	  antenna	  for	  use	  in	  the	  phantom	  monopole	  configuration.	  	  More	  specifically,	  this	  work	  focuses	  on	  the	  impedance	  of	  the	  antennas	  to	  find	  an	  antenna	  that	  is	  easier	  to	  match	  than	  a	  straight	  wire	  loop.	  	   Further	  research	  could	  investigate	  the	  phantom	  monopole	  result.	  	  This	  may	  include	  finding	  an	  effective	  height	  of	  the	  phantom	  monopole	  [4].	  	  Another	  possible	  area	  of	  study	  would	  be	  to	  physically	  build	  the	  entire	  phantom	  monopole	  configuration	  and	  test	  it.	  	  This	  is	  necessary	  to	  confirm	  the	  computer	  modeling	  done	  producing	  the	  phantom	  monopole.	  	   This	  work	  provided	  an	  antenna	  configuration	  that	  was	  easier	  to	  match.	  	  Another	  topic	  for	  further	  research	  would	  be	  to	  actually	  build	  and	  test	  a	  matching	  network	  for	  the	  antennas.	  	  Also	  a	  project	  that	  can	  be	  done	  would	  be	  to	  test	  the	  reliability	  of	  the	  phantom	  monopole	  configuration.	  	  Included	  in	  this	  would	  be	  finding	  how	  exact	  the	  antennas	  need	  to	  be	  matched	  to	  the	  feed	  line	  and	  finding	  the	  bandwidth	  of	  the	  system.	  	  	  	   This	  research	  also	  brought	  up	  a	  few	  more	  areas	  of	  possible	  study.	  	  Since	  the	  antenna	  has	  a	  better	  impedance	  because	  of	  the	  extra	  length	  of	  wire,	  antennas	  could	  be	  studied	  that	  add	  this	  wire	  in	  a	  random	  fashion.	  	  This	  type	  of	  antenna	  is	  a	  fractal	  antenna.	  	  It	  is	  possible	  that	  these	  fractal	  antennas	  could	  improve	  the	  impedance	  even	  more	  than	  the	  helical	  antenna.	  	  Also	  the	  helical	  antenna	  bent	  towards	  the	  
	  	  
69	  
ground	  plane	  could	  be	  investigated.	  	  The	  work	  done	  in	  this	  thesis	  showed	  that	  the	  bent	  helical	  antenna	  over	  a	  finite	  ground	  plane	  might	  be	  a	  viable	  replacement	  for	  a	  whip	  antenna.	  	  It	  provides	  a	  lower	  profile	  antenna	  while	  maintaining	  all	  the	  characteristics	  of	  a	  monopole.	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Appendix	  I:	  	  	   Below	  is	  and	  example	  input	  file	  for	  the	  NEC	  program.	  	  Shown	  is	  the	  file	  for	  two	  68-­‐degree	  pitch	  angle	  helical	  antennas	  over	  a	  finite	  ground	  plane.	  	  The	  figures	  shown	  after	  the	  code	  are	  examples	  of	  the	  graphical	  output	  of	  4NEC2.	  	  	  
CM Length L in mtr. = 0.139 
CM Radius R1 in cm. = .1467 
CM Radius R2 in cm. = .1467 
CM Number of turns = 6 
CM Segments per turn = 6 
CM Rotate X, Y, Z = 90, 0, 45 
CM Move X, Y, Z = 0, 0, 0 
CE 
CM 
CM first helical antenna 
CM 
GW 1 1 1.037e-3 -1.037e-3 8.18e-3 3.249e-3
 2.212e-3 6.91e-3 4.09e-4 
GW 2 1 3.249e-3 2.212e-3 6.91e-3 4.942e-3
 5.979e-3 6.91e-3 4.09e-4 
GW 3 1 4.942e-3 5.979e-3 6.91e-3 7.153e-3
 9.228e-3 8.18e-3 4.09e-4 
GW 4 1 7.153e-3 9.228e-3 8.18e-3 0.010402
 0.01144 9.45e-3 4.09e-4 
GW 5 1 0.010402 0.01144 9.45e-3 0.01417
 0.013132 9.45e-3 4.09e-4 
GW 6 1 0.01417 0.013132 9.45e-3 0.017419
 0.015344 8.18e-3 4.09e-4 
GW 7 1 0.017419 0.015344 8.18e-3 0.01963
 0.018593 6.91e-3 4.09e-4 
GW 8 1 0.01963 0.018593 6.91e-3 0.021323
 0.02236 6.91e-3 4.09e-4 
GW 9 1 0.021323 0.02236 6.91e-3 0.023535
 0.025609 8.18e-3 4.09e-4 
GW 10 1 0.023535 0.025609 8.18e-3 0.026784
 0.027821 9.45e-3 4.09e-4 
GW 11 1 0.026784 0.027821 9.45e-3 0.030551
 0.029514 9.45e-3 4.09e-4 
GW 12 1 0.030551 0.029514 9.45e-3 0.0338
 0.031725 8.18e-3 4.09e-4 
GW 13 1 0.0338 0.031725 8.18e-3 0.036011
 0.034974 6.91e-3 4.09e-4 
GW 14 1 0.036011 0.034974 6.91e-3 0.037704
 0.038742 6.91e-3 4.09e-4 
GW 15 1 0.037704 0.038742 6.91e-3 0.039916
 0.041991 8.18e-3 4.09e-4 
GW 16 1 0.039916 0.041991 8.18e-3 0.043165
 0.044202 9.45e-3 4.09e-4 
GW 17 1 0.043165 0.044202 9.45e-3 0.046932
 0.045895 9.45e-3 4.09e-4 
GW 18 1 0.046932 0.045895 9.45e-3 0.050181
 0.048107 8.18e-3 4.09e-4 
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GW 19 1 0.050181 0.048107 8.18e-3 0.052393
 0.051355 6.91e-3 4.09e-4 
GW 20 1 0.052393 0.051355 6.91e-3 0.054086
 0.055123 6.91e-3 4.09e-4 
GW 21 1 0.054086 0.055123 6.91e-3 0.056297
 0.058372 8.18e-3 4.09e-4 
GW 22 1 0.056297 0.058372 8.18e-3 0.059546
 0.060583 9.45e-3 4.09e-4 
GW 23 1 0.059546 0.060583 9.45e-3 0.063314
 0.062276 9.45e-3 4.09e-4 
GW 24 1 0.063314 0.062276 9.45e-3 0.066563
 0.064488 8.18e-3 4.09e-4 
GW 25 1 0.066563 0.064488 8.18e-3 0.068774
 0.067737 6.91e-3 4.09e-4 
GW 26 1 0.068774 0.067737 6.91e-3 0.070467
 0.071504 6.91e-3 4.09e-4 
GW 27 1 0.070467 0.071504 6.91e-3 0.072679
 0.074753 8.18e-3 4.09e-4 
GW 28 1 0.072679 0.074753 8.18e-3 0.075927
 0.076965 9.45e-3 4.09e-4 
GW 29 1 0.075927 0.076965 9.45e-3 0.079695
 0.078658 9.45e-3 4.09e-4 
GW 30 1 0.079695 0.078658 9.45e-3 0.082944
 0.080869 8.18e-3 4.09e-4 
GW 31 1 0.082944 0.080869 8.18e-3 0.085155
 0.084118 6.91e-3 4.09e-4 
GW 32 1 0.085155 0.084118 6.91e-3 0.086848
 0.087886 6.91e-3 4.09e-4 
GW 33 1 0.086848 0.087886 6.91e-3 0.08906
 0.091135 8.18e-3 4.09e-4 
GW 34 1 0.08906 0.091135 8.18e-3 0.092309
 0.093346 9.45e-3 4.09e-4 
GW 35 1 0.092309 0.093346 9.45e-3 0.096076
 0.095039 9.45e-3 4.09e-4 
GW 36 1 0.096076 0.095039 9.45e-3 0.099325
 0.097251 8.18e-3 4.09e-4 
CM 
CM second helical antenna 
CM 
GW 2 1 0.361037 1.037e-3 8.18e-3 0.357788
 3.249e-3 6.91e-3 4.09e-4 
GW 3 1 0.357788 3.249e-3 6.91e-3 0.354021
 4.942e-3 6.91e-3 4.09e-4 
GW 4 1 0.354021 4.942e-3 6.91e-3 0.350772
 7.153e-3 8.18e-3 4.09e-4 
GW 5 1 0.350772 7.153e-3 8.18e-3 0.34856
 0.010402 9.45e-3 4.09e-4 
GW 6 1 0.34856 0.010402 9.45e-3 0.346868
 0.01417 9.45e-3 4.09e-4 
GW 7 1 0.346868 0.01417 9.45e-3 0.344656
 0.017419 8.18e-3 4.09e-4 
GW 8 1 0.344656 0.017419 8.18e-3 0.341407
 0.01963 6.91e-3 4.09e-4 
GW 9 1 0.341407 0.01963 6.91e-3 0.33764
 0.021323 6.91e-3 4.09e-4 
GW 10 1 0.33764 0.021323 6.91e-3 0.334391
 0.023535 8.18e-3 4.09e-4 
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GW 11 1 0.334391 0.023535 8.18e-3 0.332179
 0.026784 9.45e-3 4.09e-4 
GW 12 1 0.332179 0.026784 9.45e-3 0.330486
 0.030551 9.45e-3 4.09e-4 
GW 13 1 0.330486 0.030551 9.45e-3 0.328275
 0.0338 8.18e-3 4.09e-4 
GW 14 1 0.328275 0.0338 8.18e-3 0.325026
 0.036011 6.91e-3 4.09e-4 
GW 15 1 0.325026 0.036011 6.91e-3 0.321258
 0.037704 6.91e-3 4.09e-4 
GW 16 1 0.321258 0.037704 6.91e-3 0.318009
 0.039916 8.18e-3 4.09e-4 
GW 17 1 0.318009 0.039916 8.18e-3 0.315798
 0.043165 9.45e-3 4.09e-4 
GW 18 1 0.315798 0.043165 9.45e-3 0.314105
 0.046932 9.45e-3 4.09e-4 
GW 19 1 0.314105 0.046932 9.45e-3 0.311893
 0.050181 8.18e-3 4.09e-4 
GW 20 1 0.311893 0.050181 8.18e-3 0.308645
 0.052393 6.91e-3 4.09e-4 
GW 21 1 0.308645 0.052393 6.91e-3 0.304877
 0.054086 6.91e-3 4.09e-4 
GW 22 1 0.304877 0.054086 6.91e-3 0.301628
 0.056297 8.18e-3 4.09e-4 
GW 23 1 0.301628 0.056297 8.18e-3 0.299417
 0.059546 9.45e-3 4.09e-4 
GW 24 1 0.299417 0.059546 9.45e-3 0.297724
 0.063314 9.45e-3 4.09e-4 
GW 25 1 0.297724 0.063314 9.45e-3 0.295512
 0.066563 8.18e-3 4.09e-4 
GW 26 1 0.295512 0.066563 8.18e-3 0.292263
 0.068774 6.91e-3 4.09e-4 
GW 27 1 0.292263 0.068774 6.91e-3 0.288496
 0.070467 6.91e-3 4.09e-4 
GW 28 1 0.288496 0.070467 6.91e-3 0.285247
 0.072679 8.18e-3 4.09e-4 
GW 29 1 0.285247 0.072679 8.18e-3 0.283035
 0.075927 9.45e-3 4.09e-4 
GW 30 1 0.283035 0.075927 9.45e-3 0.281342
 0.079695 9.45e-3 4.09e-4 
GW 31 1 0.281342 0.079695 9.45e-3 0.279131
 0.082944 8.18e-3 4.09e-4 
GW 32 1 0.279131 0.082944 8.18e-3 0.275882
 0.085155 6.91e-3 4.09e-4 
GW 33 1 0.275882 0.085155 6.91e-3 0.272114
 0.086848 6.91e-3 4.09e-4 
GW 34 1 0.272114 0.086848 6.91e-3 0.268865
 0.08906 8.18e-3 4.09e-4 
GW 35 1 0.268865 0.08906 8.18e-3 0.266654
 0.092309 9.45e-3 4.09e-4 
GW 36 1 0.266654 0.092309 9.45e-3 0.264961
 0.096076 9.45e-3 4.09e-4 
GW 37 1 0.264961 0.096076 9.45e-3 0.262749
 0.099325 8.18e-3 4.09e-4 
GW 38 2 1.037e-3 -1.037e-3 8.18e-3 0 0 0
 4.09e-4 
GW 39 2 0.099325 0.097251 8.18e-3 0.105 0.105 0
 4.09e-4 
	  	  
74	  
GW 40 2 0.262749 0.099325 8.18e-3 0.255 0.105 0
 4.09e-4 
GW 41 2 0.361037 1.037e-3 8.18e-3 0.36 0 0
 4.09e-4 
CM 
CM ground plane wires 
CM 
GW 70 40 -0.12 -0.06 0 -0.12 0.54 0 1.e-3 
GW 71 40 -0.105 -0.06 0 -0.105 0.54 0 1.e-3 
GW 72 40 -0.09 -0.06 0 -0.09 0.54 0 1.e-3 
GW 73 40 -0.075 -0.06 0 -0.075 0.54 0 1.e-3 
GW 74 40 -0.06 -0.06 0 -0.06 0.54 0 1.e-3 
GW 75 40 -0.045 -0.06 0 -0.045 0.54 0 1.e-3 
GW 76 40 -0.03 -0.06 0 -0.03 0.54 0 1.e-3 
GW 77 40 -0.015 -0.06 0 -0.015 0.54 0 1.e-3 
GW 78 40 0 -0.06 0 0 0.54 0 1.e-3 
GW 79 40 0.015 -0.06 0 0.015 0.54 0 1.e-3 
GW 80 40 0.03 -0.06 0 0.03 0.54 0 1.e-3 
GW 81 40 0.045 -0.06 0 0.045 0.54 0 1.e-3 
GW 82 40 0.06 -0.06 0 0.06 0.54 0 1.e-3 
GW 83 40 0.075 -0.06 0 0.075 0.54 0 1.e-3 
GW 84 40 0.09 -0.06 0 0.09 0.54 0 1.e-3 
GW 85 40 0.105 -0.06 0 0.105 0.54 0 1.e-3 
GW 86 40 0.12 -0.06 0 0.12 0.54 0 1.e-3 
GW 87 40 0.135 -0.06 0 0.135 0.54 0 1.e-3 
GW 88 40 0.15 -0.06 0 0.15 0.54 0 1.e-3 
GW 89 40 0.165 -0.06 0 0.165 0.54 0 1.e-3 
GW 90 40 0.18 -0.06 0 0.18 0.54 0 1.e-3 
GW 91 40 0.195 -0.06 0 0.195 0.54 0 1.e-3 
GW 92 40 0.21 -0.06 0 0.21 0.54 0 1.e-3 
GW 93 40 0.225 -0.06 0 0.225 0.54 0 1.e-3 
GW 94 40 0.24 -0.06 0 0.24 0.54 0 1.e-3 
GW 95 40 0.255 -0.06 0 0.255 0.54 0 1.e-3 
GW 96 40 0.27 -0.06 0 0.27 0.54 0 1.e-3 
GW 97 40 0.285 -0.06 0 0.285 0.54 0 1.e-3 
GW 98 40 0.3 -0.06 0 0.3 0.54 0 1.e-3 
GW 99 40 0.315 -0.06 0 0.315 0.54 0 1.e-3 
GW 100 40 0.33 -0.06 0 0.33 0.54 0 1.e-3 
GW 101 40 0.345 -0.06 0 0.345 0.54 0 1.e-3 
GW 102 40 0.36 -0.06 0 0.36 0.54 0 1.e-3 
GW 103 40 0.375 -0.06 0 0.375 0.54 0 1.e-3 
GW 104 40 0.39 -0.06 0 0.39 0.54 0 1.e-3 
GW 105 40 0.405 -0.06 0 0.405 0.54 0 1.e-3 
GW 106 40 0.42 -0.06 0 0.42 0.54 0 1.e-3 
GW 107 40 0.435 -0.06 0 0.435 0.54 0 1.e-3 
GW 108 40 0.45 -0.06 0 0.45 0.54 0 1.e-3 
GW 109 40 0.465 -0.06 0 0.465 0.54 0 1.e-3 
GW 110 40 0.48 -0.06 0 0.48 0.54 0 1.e-3 
GW 120 40 -0.12 -0.06 0 0.48 -0.06 0 1.e-3 
GW 121 40 -0.12 -0.045 0 0.48 -0.045 0 1.e-3 
GW 122 40 -0.12 -0.03 0 0.48 -0.03 0 1.e-3 
GW 123 40 -0.12 -0.015 0 0.48 -0.015 0 1.e-3 
GW 124 40 -0.12 0 0 0.48 0 0 1.e-3 
GW 125 40 -0.12 0.015 0 0.48 0.015 0 1.e-3 
GW 126 40 -0.12 0.03 0 0.48 0.03 0 1.e-3 
GW 127 40 -0.12 0.045 0 0.48 0.045 0 1.e-3 
GW 128 40 -0.12 0.06 0 0.48 0.06 0 1.e-3 
GW 129 40 -0.12 0.075 0 0.48 0.075 0 1.e-3 
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GW 130 40 -0.12 0.09 0 0.48 0.09 0 1.e-3 
GW 131 40 -0.12 0.105 0 0.48 0.105 0 1.e-3 
GW 132 40 -0.12 0.12 0 0.48 0.12 0 1.e-3 
GW 133 40 -0.12 0.135 0 0.48 0.135 0 1.e-3 
GW 134 40 -0.12 0.15 0 0.48 0.15 0 1.e-3 
GW 135 40 -0.12 0.165 0 0.48 0.165 0 1.e-3 
GW 136 40 -0.12 0.18 0 0.48 0.18 0 1.e-3 
GW 137 40 -0.12 0.195 0 0.48 0.195 0 1.e-3 
GW 138 40 -0.12 0.21 0 0.48 0.21 0 1.e-3 
GW 139 40 -0.12 0.225 0 0.48 0.225 0 1.e-3 
GW 140 40 -0.12 0.24 0 0.48 0.24 0 1.e-3 
GW 141 40 -0.12 0.255 0 0.48 0.255 0 1.e-3 
GW 142 40 -0.12 0.27 0 0.48 0.27 0 1.e-3 
GW 143 40 -0.12 0.285 0 0.48 0.285 0 1.e-3 
GW 144 40 -0.12 0.3 0 0.48 0.3 0 1.e-3 
GW 145 40 -0.12 0.315 0 0.48 0.315 0 1.e-3 
GW 146 40 -0.12 0.33 0 0.48 0.33 0 1.e-3 
GW 147 40 -0.12 0.345 0 0.48 0.345 0 1.e-3 
GW 148 40 -0.12 0.36 0 0.48 0.36 0 1.e-3 
GW 149 40 -0.12 0.375 0 0.48 0.375 0 1.e-3 
GW 150 40 -0.12 0.39 0 0.48 0.39 0 1.e-3 
GW 151 40 -0.12 0.405 0 0.48 0.405 0 1.e-3 
GW 152 40 -0.12 0.42 0 0.48 0.42 0 1.e-3 
GW 153 40 -0.12 0.435 0 0.48 0.435 0 1.e-3 
GW 154 40 -0.12 0.45 0 0.48 0.45 0 1.e-3 
GW 155 40 -0.12 0.465 0 0.48 0.465 0 1.e-3 
GW 156 40 -0.12 0.48 0 0.48 0.48 0 1.e-3 
GW 157 40 -0.12 0.495 0 0.48 0.495 0 1.e-3 
GW 158 40 -0.12 0.51 0 0.48 0.51 0 1.e-3 
GW 159 40 -0.12 0.525 0 0.48 0.525 0 1.e-3 
GW 160 40 -0.12 0.54 0 0.48 0.54 0 1.e-3 
GE 0 
LD 5 0 0 0 5.8e7 0 
LD 5 0 0 0 5.8e7 0 
EX 0 38 2 0 1 0 
EX 0 41 2 0 1 0 
GN -1 
FR 0 1 0 0 500 0 	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Figure	  51:	  Example	  output	  GUI	  for	  4NEC2	  	  
	  	  
77	  
	  
Figure	  52:	  Output	  Example	  for	  Radiation	  pattern	  in	  4NEC2	  	  
	  
Figure	  53:	  Example	  output	  of	  geometry	  for	  4NEC2	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Appendix	  II:	  Partial	  Output	  file	  from	  4NEC2,	  used	  in	  GNUPlot	  to	  get	  phantom	  monopole	  picture.	  	  
#                                   - - - NEAR MAGNETIC FIELDS - - - 
#            -  LOCATION  -                     -  HX  -               
-  HY  -               -  HZ  - 
#        X          Y          Z          MAGNITUDE   PHASE      
MAGNITUDE   PHASE      MAGNITUDE   PHASE 
#      METERS     METERS     METERS         AMPS/M   DEGREES       
AMPS/M   DEGREES       AMPS/M   DEGREES 
      -0.1300    -0.1000     0.0050     8.8616E-05   153.62    1.1548E-
04   -30.32    2.0978E-04   -52.30 
      -0.0900    -0.1000     0.0050     1.1688E-04   173.02    1.4141E-
04   -11.64    3.5091E-04   -29.40 
      -0.0500    -0.1000     0.0050     1.5641E-04  -170.01    1.6746E-
04     3.03    4.9859E-04   -17.85 
      -0.0100    -0.1000     0.0050     2.0747E-04  -157.15    1.8270E-
04    12.20    5.9275E-04   -13.07 
       0.0300    -0.1000     0.0050     2.5728E-04  -150.88    1.7647E-
04    14.93    6.1286E-04   -14.05 
       0.0700    -0.1000     0.0050     2.9385E-04  -149.38    1.4901E-
04    14.84    5.5022E-04   -17.92 
       0.1100    -0.1000     0.0050     3.1835E-04  -149.41    1.0443E-
04    13.33    4.0696E-04   -22.85 
       0.1500    -0.1000     0.0050     3.3187E-04  -149.79    4.8034E-
05     7.07    2.0541E-04   -33.56 
       0.1900    -0.1000     0.0050     3.3497E-04  -150.01    1.7161E-
05  -132.68    7.5762E-05  -139.58 
       0.2300    -0.1000     0.0050     3.2782E-04  -149.94    7.5230E-
05  -157.14    2.7799E-04   175.90 
       0.2700    -0.1000     0.0050     3.0962E-04  -150.01    1.2540E-
04  -161.16    4.6205E-04   169.85 
       0.3100    -0.1000     0.0050     2.7969E-04  -150.99    1.5960E-
04  -165.17    5.7951E-04   166.67 
       0.3500    -0.1000     0.0050     2.3817E-04  -154.24    1.7483E-
04  -170.94    6.1653E-04   162.61 
       0.3900    -0.1000     0.0050     1.8872E-04  -161.90    1.7201E-
04  -178.53    5.6997E-04   156.92 
       0.4300    -0.1000     0.0050     1.4208E-04  -175.30    1.5425E-
04   171.20    4.4661E-04   148.91 
       0.4700    -0.1000     0.0050     1.0637E-04   167.03    1.2887E-
04   156.75    2.8716E-04   133.38 
       0.5100    -0.1000     0.0050     8.1269E-05   146.48    1.0704E-
04   138.22    1.7491E-04   107.09 
      -0.1300    -0.0600     0.0050     8.6804E-05   177.86    1.6429E-
04   -14.08    2.0494E-04   -56.52 
 
      -0.0900    -0.0600     0.0050     1.3739E-04  -162.37    9.7575E-
04    -1.09    4.5070E-04   -15.00 
      -0.0500    -0.0600     0.0050     1.9593E-04  -155.14    1.6128E-
03    12.57   6.8422E-04    -2.70 
      -0.0100    -0.0600     0.0050     3.3029E-04  -131.26    2.1297E-
03    28.05   8.3337E-04     1.57 
       0.0300    -0.0600     0.0050     6.1352E-04  -115.04    2.0490E-
03    21.78   8.4994E-04    -0.47 
       0.0700    -0.0600     0.0050     5.2517E-04  -121.77    1.6936E-
03     9.87    7.4967E-04    -8.95 
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       0.1100    -0.0600     0.0050     5.1509E-04  -125.29    1.1882E-
03     0.44    5.5194E-04   -11.30 
       0.1500    -0.0600     0.0050     5.5138E-04  -126.44    5.7088E-
04   -12.76    2.7437E-04   -25.67 
       0.1900    -0.0600     0.0050     5.1229E-04  -127.92    2.5638E-
04  -125.48    1.3177E-04  -128.66 
       0.2300    -0.0600     0.0050     5.2065E-04  -126.41    9.0787E-
04  -158.98    3.7930E-04  -175.95 
       0.2700    -0.0600     0.0050     5.7539E-04  -122.46    1.4725E-
03  -162.38    6.3787E-04  -178.56 
       0.3100    -0.0600     0.0050     4.9657E-04  -123.22    1.8369E-
03  -163.26    8.0097E-04   179.84 
       0.3500    -0.0600     0.0050     3.8303E-04  -129.90    1.8890E-
03  -173.09    8.3999E-04   171.91 
       0.3900    -0.0600     0.0050     3.4819E-04  -128.47    1.7352E-
03   170.57    7.7924E-04   164.77 
       0.4300    -0.0600     0.0050     2.1855E-04  -140.84    1.3046E-
03   166.48    5.9105E-04   158.72 
       0.4700    -0.0600     0.0050     1.5955E-04  -153.22    6.0364E-
04   161.48    2.9664E-04   133.63 
       0.5100    -0.0600     0.0050     8.2129E-05   165.41    1.2752E-
04   153.27    1.6616E-04    93.72 
      -0.1300    -0.0200     0.0050     1.4108E-04  -155.66    1.8348E-
04    -3.14    2.6067E-04  -119.24 
      -0.0900    -0.0200     0.0050     3.7625E-04  -147.75    5.1944E-
04     9.88    9.2665E-05   -15.08 
      -0.0500    -0.0200     0.0050     2.7075E-04  -160.97    8.0407E-
04    24.73    1.3970E-04    -8.28 
      -0.0100    -0.0200     0.0050     4.1660E-04   136.72    4.2043E-
03    78.58    1.9496E-03   -83.32 
       0.0300    -0.0200     0.0050     3.1665E-03   -95.95    1.4637E-
03    57.56    6.3847E-04   -71.18 
       0.0700    -0.0200     0.0050     1.3309E-03  -103.07    9.6116E-
04    43.37    3.5516E-04   -62.94 
       0.1100    -0.0200     0.0050     1.1070E-03  -106.55    6.0513E-
04    34.08    1.4837E-04    16.83 
       0.1500    -0.0200     0.0050     1.2187E-03  -106.97    2.4768E-
04    17.34    7.2532E-05   -35.30 
       0.1900    -0.0200     0.0050     9.7852E-04  -109.60    1.2835E-
04  -117.36    1.2000E-04  -104.89 
       0.2300    -0.0200     0.0050     1.0894E-03  -107.49    4.8687E-
04  -135.50    1.5999E-04   117.60 
       0.2700    -0.0200     0.0050     1.6520E-03  -102.63    9.0860E-
04  -129.89    1.7138E-04   150.39 
       0.3100    -0.0200     0.0050     1.6050E-03  -101.17    1.4357E-
03  -120.62    2.0956E-04  -178.07 
       0.3500    -0.0200     0.0050     7.7349E-04  -114.90    3.1237E-
03  -104.10    5.7843E-04   108.36 
       0.3900    -0.0200     0.0050     1.9411E-03  -100.70    8.2964E-
04   160.09    3.0930E-04  -125.32 
       0.4300    -0.0200     0.0050     5.4076E-04  -121.59    6.2543E-
04  -171.99    1.8342E-04  -151.70 
       0.4700    -0.0200     0.0050     4.1656E-04  -136.23    3.3548E-
04  -179.83    1.6251E-04    56.19 
       0.5100    -0.0200     0.0050     8.6983E-05  -177.84    1.4538E-
04   165.05    1.9955E-04    55.79 
      -0.1300     0.0200     0.0050     1.8707E-04  -153.33    1.9910E-
04     4.14    3.8985E-04  -143.43 
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      -0.0900     0.0200     0.0050     5.2746E-04  -138.88    4.9968E-
04    19.20    7.8376E-05  -172.98 
      -0.0500     0.0200     0.0050     6.3048E-04  -115.18    7.7733E-
04    33.81    1.2798E-04  -158.19 
      -0.0100     0.0200     0.0050     2.6306E-03   -94.26    3.3565E-
03    77.94    3.2295E-03    91.92 
       0.0300     0.0200     0.0050     8.8583E-03   -90.53    1.0280E-
02    87.41    1.6654E-02   -89.14 
       0.0700     0.0200     0.0050     3.4441E-03   -94.39    2.7038E-
03    77.65    2.2039E-03   -92.17 
       0.1100     0.0200     0.0050     2.1659E-03   -97.59    1.0550E-
03    66.33    2.2859E-04   -98.53 
       0.1500     0.0200     0.0050     1.9331E-03  -100.07    2.7074E-
04    41.53    1.2786E-04  -101.94 
       0.1900     0.0200     0.0050     1.4114E-03  -102.22    1.0953E-
04  -114.37    1.2773E-04   -96.43 
       0.2300     0.0200     0.0050     1.8724E-03   -99.21    6.1589E-
04  -117.74    5.0621E-04    83.35 
       0.2700     0.0200     0.0050     3.9044E-03   -95.09    1.8530E-
03  -105.07    1.0790E-03    86.81 
       0.3100     0.0200     0.0050     7.0480E-03   -91.99    5.1465E-
03   -96.42    5.0186E-03    89.87 
       0.3500     0.0200     0.0050     2.3142E-03   -90.85    2.7165E-
03   -98.73    1.2957E-02   -88.35 
       0.3900     0.0200     0.0050     2.1094E-03  -100.00    1.9121E-
03  -110.72    3.4610E-04   -73.70 
       0.4300     0.0200     0.0050     6.0816E-04  -122.28    6.7794E-
04  -145.12    1.0538E-04   -73.03 
       0.4700     0.0200     0.0050     5.1628E-04  -141.01    3.4395E-
04  -164.53    2.5196E-04    29.89 
       0.5100     0.0200     0.0050     8.7379E-05  -170.46    1.5949E-
04   172.98    2.5878E-04    30.08 
      -0.1300     0.0600     0.0050     1.9691E-04  -156.32    2.0875E-
04     7.36    4.6718E-04  -157.47 
      -0.0900     0.0600     0.0050     5.6511E-04  -141.01    6.3847E-
04    26.79    3.4177E-05   150.15 
      -0.0500     0.0600     0.0050     5.8894E-04  -116.11    1.1227E-
03    46.14    3.6418E-05  -174.41 
      -0.0100     0.0600     0.0050     1.4033E-03   -99.49    2.6566E-
03    71.11    7.8768E-04    87.41 
       0.0300     0.0600     0.0050     8.2835E-03   -91.53    1.0522E-
02    85.74    6.8079E-03    90.34 
       0.0700     0.0600     0.0050     3.8235E-02   -90.05    4.3350E-
02    89.33    4.7865E-02   -89.70 
       0.1100     0.0600     0.0050     6.4066E-03   -91.88    3.9052E-
03    82.59    1.4394E-03   -88.65 
       0.1500     0.0600     0.0050     2.7007E-03   -95.53    2.5052E-
04    -6.68    2.5343E-04   -88.87 
       0.1900     0.0600     0.0050     1.6131E-03   -98.11    4.9897E-
05   166.29    1.4813E-04   -97.18 
       0.2300     0.0600     0.0050     3.4795E-03   -93.74    8.0342E-
04  -114.82    1.0415E-03    89.46 
       0.2700     0.0600     0.0050     1.4022E-02   -90.99    1.1080E-
02   -92.75    8.2611E-03    90.33 
       0.3100     0.0600     0.0050     2.3635E-02   -90.24    3.0682E-
02   -91.03    4.1580E-02   -89.63 
       0.3500     0.0600     0.0050     2.2242E-03   -96.22    3.7828E-
03  -102.36    1.0700E-03   -88.16 
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       0.3900     0.0600     0.0050     9.3268E-04  -113.64    1.6459E-
03  -119.29    2.2306E-04   -90.39 
       0.4300     0.0600     0.0050     4.7548E-04  -133.99    8.8577E-
04  -139.17    1.1613E-04  -113.98 
       0.4700     0.0600     0.0050     5.1143E-04  -152.31    4.2208E-
04  -157.78    2.3993E-04    17.32 
       0.5100     0.0600     0.0050     7.6712E-05  -169.69    1.6839E-
04   176.32    3.0190E-04    11.67 
      -0.1300     0.1000     0.0050     1.7741E-04  -163.51    2.0746E-
04     6.57    4.8970E-04  -170.21 
      -0.0900     0.1000     0.0050     4.9409E-04  -150.79    4.8740E-
04    28.82    5.3232E-05    78.40 
      -0.0500     0.1000     0.0050     3.8188E-04  -125.73    8.0925E-
04    46.51    8.9175E-05    70.53 
      -0.0100     0.1000     0.0050     6.5789E-04  -106.57    1.4282E-
03    64.75    4.7874E-04    75.83 
       0.0300     0.1000     0.0050     2.2099E-03   -95.32    3.1523E-
03    79.33    1.3009E-03    86.32 
       0.0700     0.1000     0.0050     8.7280E-03   -90.70    1.2268E-
02    87.81    7.7714E-03    89.74 
       0.1100     0.1000     0.0050     2.2223E-02   -90.35    2.7291E-
02   -89.07    2.0262E-02   -89.33 
       0.1500     0.1000     0.0050     1.5890E-03   -95.41    1.1278E-
03   -80.97    4.1412E-04   -85.82 
       0.1900     0.1000     0.0050     8.6411E-04   -98.71    2.5611E-
04    97.15    3.9535E-05  -113.98 
       0.2300     0.1000     0.0050     3.0719E-03   -92.27    3.3842E-
03    94.14    1.9446E-03    91.14 
       0.2700     0.1000     0.0050     5.8416E-02   -90.08    5.8137E-
02   -90.29    5.8813E-02   -89.94 
       0.3100     0.1000     0.0050     3.6072E-03   -92.59    5.3597E-
03   -95.41    3.2787E-03   -91.59 
       0.3500     0.1000     0.0050     9.8393E-04  -101.61    1.8254E-
03  -108.41    4.3484E-04   -96.76 
       0.3900     0.1000     0.0050     5.7550E-04  -124.98    9.9376E-
04  -124.96    2.1765E-04  -109.34 
       0.4300     0.1000     0.0050     3.5131E-04  -148.54    6.2192E-
04  -141.55    1.5386E-04  -131.82 
       0.4700     0.1000     0.0050     4.6107E-04  -166.08    3.3851E-
04  -158.81    2.1811E-04    -0.33 
       0.5100     0.1000     0.0050     5.7331E-05  -172.81    1.6958E-
04   175.53    3.2333E-04    -3.18 
      -0.1300     0.1400     0.0050     1.4143E-04  -173.59    1.9629E-
04     2.09    4.7059E-04   177.95 
      -0.0900     0.1400     0.0050     3.8096E-04  -166.05    4.3885E-
04    25.20    8.0693E-05  -179.83 
      -0.0500     0.1400     0.0050     1.9516E-04  -146.01    6.8575E-
04    41.29    1.0978E-04  -161.64 
      -0.0100     0.1400     0.0050     1.9351E-04  -126.71    1.0419E-
03    57.23    4.9708E-05   178.73 
       0.0300     0.1400     0.0050     2.2872E-04  -119.64    1.6946E-
03    71.29    7.4570E-05   175.52 
       0.0700     0.1400     0.0050     5.1911E-04    95.25    2.8387E-
03    80.72    2.2341E-04   108.91 
       0.1100     0.1400     0.0050     2.2124E-03    91.00    8.5273E-
04    67.37    8.8649E-05  -115.27 
       0.1500     0.1400     0.0050     6.9291E-04    92.49    4.0376E-
04   -66.12    7.6884E-05   106.77 
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       0.1900     0.1400     0.0050     2.8596E-04    94.28    1.3917E-
04   101.12    2.3971E-05    89.80 
       0.2300     0.1400     0.0050     1.1485E-03    91.73    4.9892E-
04   115.13    2.1496E-04   -80.61 
       0.2700     0.1400     0.0050     2.1494E-03    92.01    2.6745E-
03   -97.64    1.7784E-04   -73.28 
       0.3100     0.1400     0.0050     9.9010E-05  -144.17    2.2052E-
03  -102.43    9.4301E-05   -59.66 
       0.3500     0.1400     0.0050     2.0339E-04  -124.91    1.2322E-
03  -115.60    9.8075E-05    14.77 
       0.3900     0.1400     0.0050     2.7408E-04  -151.95    7.9641E-
04  -131.21    7.3785E-05     9.32 
       0.4300     0.1400     0.0050     2.4023E-04  -168.76    5.3908E-
04  -146.65    1.7275E-05    -6.36 
       0.4700     0.1400     0.0050     3.8792E-04   179.15    3.0871E-
04  -163.34    2.5136E-04    -7.33 
       0.5100     0.1400     0.0050     3.3710E-05  -178.12    1.6321E-
04   171.26    3.1860E-04   -15.27 
      -0.1300     0.1800     0.0050     9.9051E-05   176.23    1.7860E-
04    -5.71    4.1366E-04   168.04 
      -0.0900     0.1800     0.0050     2.7913E-04   178.56    4.6257E-
04    18.46    4.0103E-05   141.73 
      -0.0500     0.1800     0.0050     8.8108E-05   172.77    6.9214E-
04    32.06    4.1827E-05   133.19 
      -0.0100     0.1800     0.0050     7.2667E-05   116.67    9.2595E-
04    45.13    5.1273E-05    67.08 
       0.0300     0.1800     0.0050     2.7238E-04    90.25    1.1452E-
03    56.26    7.5514E-05    87.71 
       0.0700     0.1800     0.0050     5.5604E-04    84.51    1.1734E-
03    62.34    1.7090E-04    88.49 
       0.1100     0.1800     0.0050     7.9971E-04    84.39    6.5359E-
04    53.30    3.3535E-05   -91.03 
       0.1500     0.1800     0.0050     8.0999E-04    82.17    2.0509E-
04    19.93    1.7163E-05    84.09 
       0.1900     0.1800     0.0050     5.7455E-04    80.41    2.7253E-
05  -176.44    6.4919E-05    83.11 
       0.2300     0.1800     0.0050     7.3636E-04    83.48    3.2310E-
04  -138.76    1.1041E-04   -93.77 
       0.2700     0.1800     0.0050     9.1629E-04    86.24    9.2426E-
04  -117.28    8.2277E-05   -91.21 
       0.3100     0.1800     0.0050     3.6192E-04    86.47    1.1616E-
03  -118.46    5.9265E-05   -99.79 
       0.3500     0.1800     0.0050     1.4142E-04    98.48    9.8057E-
04  -128.77    7.6483E-05   -81.88 
       0.3900     0.1800     0.0050     1.4855E-04   152.56    7.6378E-
04  -141.62    3.7654E-05   -86.14 
       0.4300     0.1800     0.0050     1.5626E-04   165.35    5.5848E-
04  -154.79    3.5968E-05  -144.95 
       0.4700     0.1800     0.0050     3.0140E-04   165.30    3.1308E-
04  -170.03    1.9911E-04   -21.45 
       0.5100     0.1800     0.0050     9.7666E-06  -177.38    1.5138E-
04   163.89    2.8327E-04   -25.24 
      -0.1300     0.2200     0.0050     5.2805E-05   171.76    1.5805E-
04   -16.50    3.1913E-04   160.98 
      -0.0900     0.2200     0.0050     1.7394E-04   166.14    3.0738E-
04     6.04    2.7234E-05    75.21 
      -0.0500     0.2200     0.0050     5.2098E-05   101.01    4.2254E-
04    19.23    5.1265E-05    55.18 
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      -0.0100     0.2200     0.0050     1.2917E-04    67.39    5.0941E-
04    30.34    7.5908E-05    31.93 
       0.0300     0.2200     0.0050     3.2338E-04    70.01    5.4946E-
04    38.97    8.5096E-05    47.84 
       0.0700     0.2200     0.0050     4.2419E-04    69.33    4.9996E-
04    42.98    1.2995E-04    61.25 
       0.1100     0.2200     0.0050     5.3043E-04    70.02    3.4043E-
04    39.59    2.7876E-05   -36.31 
       0.1500     0.2200     0.0050     6.8751E-04    69.32    1.5030E-
04    30.65    2.4951E-05    40.89 
       0.1900     0.2200     0.0050     5.4176E-04    67.90    2.6455E-
05  -131.99    5.7348E-05    71.92 
       0.2300     0.2200     0.0050     5.4727E-04    69.52    2.1019E-
04  -140.14    9.7686E-05  -113.90 
       0.2700     0.2200     0.0050     6.1411E-04    71.86    3.9892E-
04  -135.32    6.4539E-05  -125.76 
       0.3100     0.2200     0.0050     3.4535E-04    69.31    5.0954E-
04  -136.75    5.4038E-05  -146.31 
       0.3500     0.2200     0.0050     2.0409E-04    68.81    5.1013E-
04  -144.09    9.5522E-05  -122.81 
       0.3900     0.2200     0.0050     1.3126E-04    96.04    4.4865E-
04  -154.61    6.1610E-05  -138.68 
       0.4300     0.2200     0.0050     8.7510E-05   131.51    3.5593E-
04  -166.76    5.9149E-05  -162.55 
       0.4700     0.2200     0.0050     1.9525E-04   152.49    2.2794E-
04   177.86    1.3666E-04   -34.62 
       0.5100     0.2200     0.0050     1.3477E-05   -34.48    1.3684E-
04   153.79    2.1759E-04   -33.97 
      -0.1300     0.2600     0.0050     1.5316E-05  -122.84    1.3831E-
04   -29.59    1.9364E-04   158.87 
      -0.0900     0.2600     0.0050     5.2189E-05   165.36    2.5400E-
04    -7.44    4.3041E-05   163.19 
      -0.0500     0.2600     0.0050     6.8322E-05    27.45    3.3451E-
04     4.67    4.6427E-05   165.55 
      -0.0100     0.2600     0.0050     1.5006E-04    36.39    3.8211E-
04    14.07    5.0898E-05  -168.82 
       0.0300     0.2600     0.0050     3.0306E-04    46.67    3.8806E-
04    20.98    4.6980E-05  -174.61 
       0.0700     0.2600     0.0050     3.4872E-04    49.16    3.4258E-
04    24.58    3.4641E-05   121.92 
       0.1100     0.2600     0.0050     4.2096E-04    51.29    2.4547E-
04    24.07    6.7085E-05  -143.41 
       0.1500     0.2600     0.0050     5.7331E-04    52.38    1.1823E-
04    20.35    1.4427E-05   177.40 
       0.1900     0.2600     0.0050     4.6503E-04    51.44    2.1096E-
05  -133.49    5.5167E-05    54.94 
       0.2300     0.2600     0.0050     4.4696E-04    51.60    1.5571E-
04  -151.64    4.0105E-05  -105.51 
       0.2700     0.2600     0.0050     4.8830E-04    51.95    2.7235E-
04  -152.25    3.1994E-05    10.66 
       0.3100     0.2600     0.0050     3.0494E-04    47.64    3.4729E-
04  -154.98    6.3807E-05    28.48 
       0.3500     0.2600     0.0050     2.1105E-04    42.57    3.6884E-
04  -161.02    3.6688E-05   -28.49 
       0.3900     0.2600     0.0050     1.4029E-04    44.89    3.4547E-
04  -169.73    4.2880E-05    -4.45 
       0.4300     0.2600     0.0050     4.9773E-05    50.23    2.8770E-
04   179.50    2.7018E-05    -4.30 
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       0.4700     0.2600     0.0050     6.8911E-05   135.49    1.9244E-
04   164.73    9.2653E-05   -34.77 
       0.5100     0.2600     0.0050     3.3838E-05   -40.55    1.2191E-
04   141.38    1.2822E-04   -43.18 
      -0.1300     0.3000     0.0050     5.4634E-05   -61.93    1.2085E-
04   -44.45    6.1190E-05  -175.85 
      -0.0900     0.3000     0.0050     7.5883E-05   -52.96    2.5713E-
04   -21.95    6.5382E-06   123.96 
      -0.0500     0.3000     0.0050     1.1502E-04   -11.66    3.3856E-
04   -11.71    1.1994E-05    38.09 
      -0.0100     0.3000     0.0050     1.7151E-04     6.91    3.7990E-
04    -4.23    1.0671E-05   142.08 
       0.0300     0.3000     0.0050     2.9466E-04    20.41    3.7532E-
04     1.30    9.7804E-06    69.55 
       0.0700     0.3000     0.0050     3.1128E-04    26.31    3.2680E-
04     4.68    4.3636E-05    39.85 
       0.1100     0.3000     0.0050     3.6500E-04    30.05    2.3643E-
04     5.06    3.4376E-05  -151.93 
       0.1500     0.3000     0.0050     5.0027E-04    32.39    1.1725E-
04     3.02    3.2553E-06    63.38 
       0.1900     0.3000     0.0050     4.0646E-04    31.86    1.8216E-
05  -142.97    4.6544E-05    34.32 
       0.2300     0.3000     0.0050     3.8934E-04    31.04    1.4688E-
04  -168.25    4.8628E-05  -141.88 
       0.2700     0.3000     0.0050     4.3273E-04    29.33    2.5456E-
04  -171.42    7.0436E-06  -105.41 
       0.3100     0.3000     0.0050     2.8561E-04    23.37    3.2777E-
04  -174.93   2.2935E-05    11.22 
       0.3500     0.3000     0.0050     2.2076E-04    15.31    3.5711E-
04  -179.93    3.1244E-05  -142.94 
       0.3900     0.3000     0.0050     1.8604E-04     4.60    3.4440E-
04   172.95    8.8281E-06  -108.21 
       0.4300     0.3000     0.0050     1.0555E-04   -13.16    2.9201E-
04   163.99    8.7081E-06   -72.87 
       0.4700     0.3000     0.0050     6.5711E-05   -30.05    1.8545E-
04   150.96    1.0333E-05   -87.14 
       0.5100     0.3000     0.0050     5.1534E-05   -51.67    1.0797E-
04   127.16    2.9695E-05   -72.05 
      -0.1300     0.3400     0.0050     9.9361E-05   -62.71    1.0568E-
04   -60.61    1.0526E-04   -67.80 
      -0.0900     0.3400     0.0050     1.9014E-04   -53.08    1.7820E-
04   -40.97    2.3623E-05   -38.85 
      -0.0500     0.3400     0.0050     1.6746E-04   -32.60    2.2144E-
04   -30.66    4.5122E-05   -25.89 
      -0.0100     0.3400     0.0050     2.0203E-04   -16.84    2.3919E-
04   -23.26    1.1933E-05   -13.18 
       0.0300     0.3400     0.0050     3.0962E-04    -3.81    2.3093E-
04   -17.79    3.1142E-05   -13.77 
       0.0700     0.3400     0.0050     2.9834E-04     3.71    1.9788E-
04   -14.13    6.2113E-05     0.25 
       0.1100     0.3400     0.0050     3.3781E-04     8.42    1.4240E-
04   -12.52    2.1441E-05  -148.46 
       0.1500     0.3400     0.0050     4.6078E-04    11.49    7.0504E-
05   -13.16    1.0132E-05   -13.17 
       0.1900     0.3400     0.0050     3.7132E-04    11.23    1.0214E-
05  -167.04    4.3352E-05    13.23 
       0.2300     0.3400     0.0050     3.5903E-04     9.90    8.7475E-
05   172.47    5.4972E-05  -170.03 
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       0.2700     0.3400     0.0050     4.1486E-04     7.02    1.5331E-
04   169.35    2.0515E-05   173.10 
       0.3100     0.3400     0.0050     2.8654E-04     0.35    2.0016E-
04   165.73    7.5777E-06    44.36 
       0.3500     0.3400     0.0050     2.4309E-04    -8.30    2.2326E-
04   160.80    5.8126E-05   171.47 
       0.3900     0.3400     0.0050     2.5331E-04   -20.01    2.2176E-
04   154.09    2.8717E-05   161.31 
       0.4300     0.3400     0.0050     1.7811E-04   -33.99    1.9564E-
04   145.35    7.2247E-06  -170.49 
       0.4700     0.3400     0.0050     1.8640E-04   -44.21    1.3942E-
04   132.40    7.3136E-05   140.47 
       0.5100     0.3400     0.0050     6.5410E-05   -63.50    9.5568E-
05   111.58    7.4120E-05   144.71 
      -0.1300     0.3800     0.0050     1.3207E-04   -68.03    9.2942E-
05   -77.60    2.1437E-04   -59.30 
      -0.0900     0.3800     0.0050     2.8163E-04   -57.91    1.5535E-
04   -58.29    1.9857E-06  -122.80 
      -0.0500     0.3800     0.0050     2.0884E-04   -46.51    1.9087E-
04   -48.64    7.1205E-06   -22.24 
      -0.0100     0.3800     0.0050     2.2917E-04   -34.62    2.0370E-
04   -41.88    5.2844E-05   139.50 
       0.0300     0.3800     0.0050     3.3044E-04   -23.32    1.9439E-
04   -36.90    2.6368E-05   136.46 
       0.0700     0.3800     0.0050     2.9477E-04   -16.26    1.6481E-
04   -33.42    2.1124E-05    23.24 
       0.1100     0.3800     0.0050     3.2327E-04   -11.43    1.1751E-
04   -31.60    5.3754E-05   161.67 
       0.1500     0.3800     0.0050     4.3784E-04    -7.96    5.7452E-
05   -31.58    8.1187E-06   137.15 
       0.1900     0.3800     0.0050     3.4929E-04    -8.24    8.9833E-
06   165.29    4.5109E-05    -5.41 
       0.2300     0.3800     0.0050     3.4147E-04    -9.65    7.3371E-
05   152.27    3.4667E-05  -176.63 
       0.2700     0.3800     0.0050     4.1055E-04   -12.54    1.2863E-
04   149.50    1.8142E-05   -39.30 
       0.3100     0.3800     0.0050     2.9303E-04   -19.09    1.6896E-
04   146.20    5.7994E-05   -27.14 
       0.3500     0.3800     0.0050     2.6456E-04   -26.76    1.9015E-
04   141.80    1.5366E-05  -163.23 
       0.3900     0.3800     0.0050     3.1148E-04   -35.76    1.9076E-
04   135.82    2.1197E-05   -48.51 
       0.4300     0.3800     0.0050     2.3449E-04   -46.17    1.6995E-
04   127.84    4.4273E-05   -47.38 
       0.4700     0.3800     0.0050     2.7948E-04   -51.74    1.2190E-
04   115.40    1.1341E-04   132.43 
       0.5100     0.3800     0.0050     7.4188E-05   -75.80    8.4752E-
05    95.02    1.5274E-04   134.36 
      -0.1300     0.4200     0.0050     1.4584E-04   -74.92    8.2164E-
05   -95.15    2.7991E-04   -59.51 
      -0.0900     0.4200     0.0050     3.2422E-04   -63.61    1.7085E-
04   -74.33    2.3251E-05   -55.35 
      -0.0500     0.4200     0.0050     2.2625E-04   -57.65    2.1818E-
04   -66.26    3.7023E-05   -45.12 
      -0.0100     0.4200     0.0050     2.3862E-04   -48.65    2.3629E-
04   -60.90    2.8001E-05   128.72 
       0.0300     0.4200     0.0050     3.3417E-04   -38.43    2.2617E-
04   -57.00    4.1058E-06    22.68 
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       0.0700     0.4200     0.0050     2.8474E-04   -33.10    1.9140E-
04   -54.22    3.9612E-05   -20.52 
       0.1100     0.4200     0.0050     3.0554E-04   -28.61    1.3482E-
04   -53.11    3.7301E-05   154.12 
       0.1500     0.4200     0.0050     4.1225E-04   -24.49    6.4000E-
05   -53.38    1.3007E-06    18.77 
       0.1900     0.4200     0.0050     3.2568E-04   -25.41    1.3840E-
05   140.18    4.2892E-05   -19.75 
       0.2300     0.4200     0.0050     3.2094E-04   -26.69    9.0088E-
05   131.29    4.2756E-05   162.82 
       0.2700     0.4200     0.0050     3.9690E-04   -28.49    1.5434E-
04   128.68    2.9924E-06  -133.54 
       0.3100     0.4200     0.0050     2.8849E-04   -35.07    2.0079E-
04   125.95    3.6401E-05   -35.47 
       0.3500     0.4200     0.0050     2.6928E-04   -41.42    2.2393E-
04   122.61    4.0081E-05   151.64 
       0.3900     0.4200     0.0050     3.3458E-04   -47.29    2.2145E-
04   117.81    6.1655E-06   165.78 
       0.4300     0.4200     0.0050     2.5881E-04   -55.76    1.9230E-
04   111.24    2.7583E-05   -54.29 
       0.4700     0.4200     0.0050     3.2394E-04   -58.25    1.2467E-
04   100.00    1.5482E-04   127.31 
       0.5100     0.4200     0.0050     7.7041E-05   -89.14    7.5316E-
05    77.75    1.9989E-04   128.92 
      -0.1300     0.4600     0.0050     1.3731E-04   -83.82    7.2680E-
05  -113.18    2.8487E-04   -60.98 
      -0.0900     0.4600     0.0050     3.1266E-04   -70.05    1.2625E-
04   -93.17    3.7531E-05   -67.91 
      -0.0500     0.4600     0.0050     2.1434E-04   -68.40    1.5777E-
04   -84.57    5.5591E-05   -62.07 
      -0.0100     0.4600     0.0050     2.2313E-04   -61.43    1.6923E-
04   -79.07    1.0060E-05  -174.42 
       0.0300     0.4600     0.0050     3.0763E-04   -51.53    1.6160E-
04   -75.24    2.3985E-05   -68.80 
       0.0700     0.4600     0.0050     2.5669E-04   -48.25    1.3602E-
04   -72.70    5.2474E-05   -47.18 
       0.1100     0.4600     0.0050     2.7188E-04   -44.17    9.4714E-
05   -71.70    2.4952E-05   165.17 
       0.1500     0.4600     0.0050     3.6448E-04   -39.13    4.3210E-
05   -73.25    6.6034E-06   -70.86 
       0.1900     0.4600     0.0050     2.8707E-04   -41.06    1.3606E-
05   126.30   3.6381E-05   -29.51 
       0.2300     0.4600     0.0050     2.8421E-04   -42.14    6.8145E-
05   114.25   4.6981E-05   143.54 
       0.2700     0.4600     0.0050     3.5604E-04   -42.42    1.1414E-
04   111.50   1.6714E-05   117.33 
       0.3100     0.4600     0.0050     2.6204E-04   -49.34    1.4680E-
04   108.73    1.8275E-05    -8.60 
       0.3500     0.4600     0.0050     2.4829E-04   -54.59    1.6278E-
04   105.22    5.8242E-05   128.28 
       0.3900     0.4600     0.0050     3.1428E-04   -57.54    1.6029E-
04   100.26    2.6269E-05   112.73 
       0.4300     0.4600     0.0050     2.4507E-04   -65.11    1.3967E-
04    93.21    1.2328E-05   -24.37 
       0.4700     0.4600     0.0050     3.1153E-04   -64.98    9.6337E-
05    80.74    1.6519E-04   121.48 
       0.5100     0.4600     0.0050     7.4238E-05  -104.75    6.6982E-
05    59.91    2.0666E-04   124.67 
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      -0.1300     0.5000     0.0050     1.0630E-04   -98.34    6.4425E-
05  -131.77    2.2107E-04   -61.87 
      -0.0900     0.5000     0.0050     2.4191E-04   -79.60    1.1902E-
04  -108.87    1.2706E-05    -5.41 
      -0.0500     0.5000     0.0050     1.7064E-04   -81.91    1.5518E-
04   -99.63    1.8818E-05    12.99 
      -0.0100     0.5000     0.0050     1.7902E-04   -76.15    1.7152E-
04   -94.07    5.2487E-05    98.24 
       0.0300     0.5000     0.0050     2.4056E-04   -65.60    1.6714E-
04   -90.43    3.5161E-05    85.06 
       0.0700     0.5000     0.0050     2.0322E-04   -64.47    1.4209E-
04   -88.32    2.4355E-05    33.88 
       0.1100     0.5000     0.0050     2.1362E-04   -60.67    9.8545E-
05   -88.21    4.2322E-05   113.99 
       0.1500     0.5000     0.0050     2.7812E-04   -54.20    4.3487E-
05   -92.62    9.0508E-06    76.17 
       0.1900     0.5000     0.0050     2.2388E-04   -57.59    1.9013E-
05   118.45    3.2994E-05   -43.03 
       0.2300     0.5000     0.0050     2.2205E-04   -58.50    7.6840E-
05   101.83    1.8482E-05  -175.28 
       0.2700     0.5000     0.0050     2.7356E-04   -56.89    1.2451E-
04    98.19    2.9320E-05   -85.18 
       0.3100     0.5000     0.0050     2.0703E-04   -64.83    1.5623E-
04    95.09    5.7285E-05   -70.55 
       0.3500     0.5000     0.0050     1.9663E-04   -69.36    1.6856E-
04    91.37    2.3803E-05  -140.49 
       0.3900     0.5000     0.0050     2.4351E-04   -69.56    1.5997E-
04    86.01    2.8143E-05   -99.23 
       0.4300     0.5000     0.0050     1.9006E-04   -77.38    1.3328E-
04    78.11    3.8711E-05   -80.59 
       0.4700     0.5000     0.0050     2.3769E-04   -74.37    8.5579E-
05    62.90    1.2891E-04   118.98 
       0.5100     0.5000     0.0050     6.7842E-05  -124.56    5.9514E-
05    41.48    1.7113E-04   120.94 
      -0.1300     0.5400     0.0050     6.8332E-05  -136.86    5.6945E-
05  -152.14    9.0473E-05   -56.34 
      -0.0900     0.5400     0.0050     8.9926E-05  -115.92    1.5438E-
04  -128.37    4.9708E-05    42.62 
      -0.0500     0.5400     0.0050     9.3712E-05  -114.36    2.6103E-
04  -110.00    9.4546E-05    65.42 
      -0.0100     0.5400     0.0050     1.0269E-04  -107.06    3.2186E-
04  -103.62    1.3196E-04    75.83 
       0.0300     0.5400     0.0050     1.1835E-04   -97.09    3.3374E-
04   -99.92    1.3784E-04    77.74 
       0.0700     0.5400     0.0050     1.1861E-04   -94.93    2.9359E-
04   -98.13    1.1871E-04    76.80 
       0.1100     0.5400     0.0050     1.2435E-04   -91.04    2.0133E-
04  -100.17    8.8661E-05    79.66 
       0.1500     0.5400     0.0050     1.3809E-04   -85.52    8.6334E-
05  -108.99    3.4886E-05    64.37 
       0.1900     0.5400     0.0050     1.2903E-04   -87.98    5.2449E-
05   114.42    3.3866E-05   -64.25 
       0.2300     0.5400     0.0050     1.2739E-04   -88.90    1.7942E-
04    96.20    7.5345E-05   -88.35 
       0.2700     0.5400     0.0050     1.3260E-04   -88.13    2.7321E-
04    91.17    1.2027E-04   -90.34 
       0.3100     0.5400     0.0050     1.1690E-04   -95.42    3.2583E-
04    87.44    1.4453E-04   -92.43 
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       0.3500     0.5400     0.0050     1.0906E-04  -100.61    3.3359E-
04    83.79    1.3338E-04   -99.35 
       0.3900     0.5400     0.0050     1.0629E-04  -102.84    2.8294E-
04    76.73    1.0892E-04  -105.06 
       0.4300     0.5400     0.0050     9.1203E-05  -112.57    1.9079E-
04    61.85    6.5328E-05  -120.38 
       0.4700     0.5400     0.0050     9.1524E-05  -110.04    1.0535E-
04    33.36    6.5411E-05   134.93 
       0.5100     0.5400     0.0050     6.2623E-05  -149.64    5.2643E-
05    22.21    1.0679E-04   116.73 
      -0.1300     0.5800     0.0050     6.4449E-05  -169.58    4.7147E-
05  -172.69    3.8259E-05   -57.40 
      -0.0900     0.5800     0.0050     7.0710E-05  -157.97    4.6440E-
05  -159.74    2.7951E-05    11.27 
      -0.0500     0.5800     0.0050     7.7056E-05  -148.27    4.5022E-
05  -148.01    5.3905E-05    56.30 
      -0.0100     0.5800     0.0050     8.3056E-05  -140.04    4.2129E-
05  -138.42    7.7428E-05    67.84 
       0.0300     0.5800     0.0050     8.8452E-05  -133.24    3.7161E-
05  -131.11    8.5656E-05    72.11 
       0.0700     0.5800     0.0050     9.2974E-05  -127.92    2.9897E-
05  -126.00    7.6928E-05    73.26 
       0.1100     0.5800     0.0050     9.6351E-05  -124.14    2.0540E-
05  -123.16    5.3433E-05    71.05 
       0.1500     0.5800     0.0050     9.8345E-05  -121.94    9.6758E-
06  -123.99    2.0839E-05    54.21 
       0.1900     0.5800     0.0050     9.8795E-05  -121.34    2.1278E-
06    85.95    2.1839E-05   -72.21 
       0.2300     0.5800     0.0050     9.7655E-05  -122.35    1.3284E-
05    64.10    5.5465E-05   -89.30 
       0.2700     0.5800     0.0050     9.4999E-05  -124.95    2.3436E-
05    59.56    8.0634E-05   -94.15 
       0.3100     0.5800     0.0050     9.1008E-05  -129.12    3.1757E-
05    54.30    9.1351E-05   -97.97 
       0.3500     0.5800     0.0050     8.5930E-05  -134.81    3.7891E-
05    47.38    8.4886E-05  -103.12 
       0.3900     0.5800     0.0050     8.0041E-05  -141.97    4.1896E-
05    38.45    6.2051E-05  -113.45 
       0.4300     0.5800     0.0050     7.3620E-05  -150.59    4.4222E-
05    27.46    3.2250E-05  -149.42 
       0.4700     0.5800     0.0050     6.7018E-05  -160.97    4.5502E-
05    15.02    4.0171E-05   131.73 
       0.5100     0.5800     0.0050     6.0968E-05  -173.56    4.6317E-
05     2.14    6.3775E-05   106.79 
# ***** DATA CARD NO.  8   EN   0    17    18     1 -1.30000E-01 -
1.00000E-01  5.00000E-03  4.00000E-02  4.00000E-02  2.00000E+00 
# RUN TIME =   843.357 
 
	  	  
89	  
Appendix	  III:	  	  	   Shown	  are	  pictures	  of	  the	  ground	  plane	  and	  antenna	  setup	  for	  the	  physical	  testing	  portion	  of	  the	  thesis	  work.	  	  
	  
Figure	  54:	  Brass	  ground	  plane	  reinforced	  with	  2"x2"	  wood	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Figure	  55:	  15-­degree	  pitch	  angle	  unpinned	  helical	  antenna	  over	  ground	  plane	  	  
	  
Figure	  56:	  15-­degree	  pinned	  helical	  antenna	  over	  ground	  plane	  
